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PREFACE 


The principles and the methods of selection, assessment and presenta- 
tion of scientific material employed in the compilation of Supplements to 
Mellor’s “Comprehensive Treatise on Inorganic and Theoretical Chemistry” 
are now generally familiar to chemists. Moreover they are set out at some 
length in the prefatory statements which introduced the Supplement on the 
halogens and that on lithium and sodium (the latter preface mentioning also 
certain considerations specific to the alkali metals as a group) so that repeti- 
tion here appears unnecessary. There are, however, two procedures which 
the Editors consider should be emphasised. 

Firstly, it will be evident that contributions share in some measure the 
individuality of their authors. To a very considerable extent each contribu- 
tor has exercised his independent judgement concerning the degree of detail 
in which the various sectors of his review should be treated, and the depth 
to which new branches of the path of knowledge merit penetration here. The 
book, like its predecessors in this series of Supplements, is therefore a col- 
lection of monographs reflecting, but not precisely conforming with, a common 
design. Also the scope of the work as described in its general title has not 
been defined so strictly as to exclude substantial treatment of matters of 
interest to inorganic and physical chemists in the related fields of organic 
chemistry, spectroscopy and biology. Further, an attempt has been made to 
give, wherever possible, precise information rather than to refer to a pheno- 
menon in general qualitative terms, and it has been borne in mind that ideaHy 
the source of every statement and its reference in “Chemical Abstracts” 
should be clearly indicated. That this is not always possible is illustrated 
by Dr. Heal’s explanation that the curves in Figs. 2 to 7 (pages 2538-2543) 
are largely fictitious, being compiled from various sources of information, 
but that they represent the bands in their correct positions and with approxi- 
mately the correct relative heights. 

In the second place it is necessary to remind readers that Mellor’s con- 
vention concerning the location of information about metallic salts continues 
to be observed. Only the hydrides, oxides, halides, sulphides, sulphates, 
carbonates, nitrates and phosphates are treated under the general heading of 
the relevant metal; all other salts are considered under the acids from which 
they are derived. 

It is with deep regret that the Editors record the death of their senior 
colleague shortly before the completion of the preparation of the material for 
this Supplement devoted to the chemistry of potassium, rubidium, cazsium, 
and francium and the radiochemistry of the whole group of alkali metals. By 
guidance, criticism and example - always for the benefit of “the ordinary 
chemist” whose needs he identified with his own - Professor H.V.A. Briscoe 
has contributed notably to the successful launching of the immense task of 
bringing up to date the comprehensive treatise known familiarly among chem- 
ists as “Big Mellor”. 
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CHAPTER 3 
POTASSIUM 


SECTION XLII 


THE OCCURRENCE OF POTASSIUM AND THE EXTRACTION OF 
POTASSIUM COMPOUNDS FROM NATURAL SOURCES 


By P.C.L. THORNE AND K.W. ALLEN 


The importance of potassium compounds as fertilizers has caused inten- 
sive searches for sources of these compounds during both world wars, when 
supplies from the usual sources were interrupted. Under these conditions, 
many poorer sources have been exploited and many processes of extraction 
worked which would be uneconomical under normal conditions. Such sources 
and processes are referred to below when they are of sufficient chemical 
interest. 

The production from various sources and estimates of total reserves are 
commonly given in periodical summaries of mineral production, e.g. U.S. Bur- 
eau of Mines publications’™ the Annual Review of the World Production and 
Consumption of Fertilizers (Food and Agriculture Organization of the United 
Nations)and similar publications.** The references include a number of sur- 
veys over wider periods and dealing with some ofthe main sites of production. 
~*" It is of interest that the consumption of potash as fertilizer in the United 
Kingdom during 1953—4 was 250,000tons of K,O, ten times the quantity used 

in 1913. 

Potassium is stated to occur in the spectrum of R Andromedae, of R 
Leonis and of Nova (RS) Ophiuchi. The radioactivity of terrestrial potassium 
is of importance in the calculation of geological time.** The measurements 
of radioactivity show the emission of 23 B-rays per second, which appears to 
be a level common to many potassium deposits.* More recent work on the 
age of the earth and of particular deposits uses the ratio of potassium to ar- 
gon.”*»?5 One extensive application of this method to tertiary feldspar from 
Waldkirch, Germany, gives an estimated age of 223 x 10° years + 20% in good 
agreement with estimates by other methods.”° 

The fundamental sources of potassium are igneous rocks. In Nature, the 
gradual disintegration of these rocks supplies potassium to the soil, whence 
leaching removes the potassium compounds to rivers, lakes and the oceans. 
The evaporation of lakes or limbs of seas in geological time has given rise to 
deposits of salts containing potash which serve as sources of pure compounds 
and also to augment the natural supplies available in the soil. 

The potash-bearing rocks, which are supposed to have been formed late in 
the crystallization process when water was relatively abundant,*’ are wide- 
spread throughout the earth. Those containing leucite have been more 
intensively investigated with a view to production, for example in Italy**-** 
where the extinct volcano, Rocca Monfina, is estimated to contain 1008 x 10° 
metric tons of K,O in a concentration of 21:5%. In Tonkin, between Lao-kai 
and the Black River, a mixture of eruptive rocks is found to contain potas- 
sium,’ and in Java the Muriah Volcano bears leucite-tephrites with an average 
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content of 5% K,O.°° In U.S.A. the shales of Illinois,3*-°* which can be used 
for making cement, and the greensands of New Jersey*’ are possible sources 
of potash, though the content ranges only from 2 to 7%. In the greensands 
the potash is present mainly as glaucomtte, KFeSi,0,H,O. In Sweden an alum 
shale after the extraction of shale oil gives potash on treatment,*® and in 
Finland the ijolite of Iivaara Mountain affords a possible source of potash and 


other valuable materials.*? In Poland, Filipowice tuffs from the Cracow reg- 
ion nose Kowalska Gora are rich in potassium; one analysis shows 968% 
K,O. 

Poor sources of potassium are concentrated in processes of which the 
main product is quite different. Thus flue dusts from cement manufacture are 
collected and lixiviated.**“**® A great deal of attention has also been paid to 
the possibility of recovering potassium compounds from blast furnaces. The 
K,O content of the charge is low (0°5-0+15%) and not all this appears in the 
dust collected. The quantity is increased by the addition of common salt or 
calcium chloride to the charge, when 33-80% of the potassium present is 
volatilized. The dust is usually precipitated electrostatically and in this 
way, 5*6 lb. of K,O are obtained per ton of iron.*7~** Silicate rocks can also 
be exploited by fusion with lime*® or phosphate rock,®’ while the potash in 
alunite (Al,(SO,),*K,SO,,2Al,0,,6H,O) can be similarly extracted from the clay 
containing it after ignition with®* or without™ the addition of limestone. An 
unusual source of potassium is the tailings of porphyry copper works, which 
contain 5- 10% K,0.°° i 

The occurrence of potassium in soils depends on many complex factors. 
The actual quantity present is very variable but it is common to find it 
described as a ‘deficiency’ in terms of optimum plant needs.® Apart from 
what is artificially added in the form of manures or fertilizers, the potassium 
in the soil is derived from the disintegration of rocks. Micas are said to be 
less resistant than felspars,*?** and in general an acidic or peaty soil favours 
the extraction of potassium.” Composting the rock with mixtures containing 
sulphur accelerates the solution of potassium.®*’ The use of lime or mag- 
nesia does not accelerate the decomposition of the rock in the soil.°*°°? On 
the other hand, potash in the soil is very sensitive to leaching by irrigation or 
rain’’-7* and is retained only by crystals of certain structures, particularly of 
the bentonite or montmorillonite types.”* 7° The generally known features of 
potassium fixation and liberation have been confirmed by a thorough study at 
the New Jersey Experimental Station, New Brunswick.’”"*” 

It is difficult to arrive at a figure for the average content of potash in 
soils, as the variations are so wide. The results of 1550 analyses of soils 
in the Palatinate (Germany) by the Neubauer method gave a scale ranging from 
‘poor’ soils with 10 mg. or less to rich soils with over 50 mg. per 100g." 
The average of thousands of analyses of American soils gave 0+827% K,O."° 
While the minimum concentration for optimum plant growth ranges from 0:5 to 
3-0 p.p.m. depending on the crop,”* the availability of the potassium depends 
on the type of soil and especially on the alkalinity.*” *°° 

Some springs, lakes and inland seas contain appreciable quantities of 
potassium, though economic factors may prevent commercial exploitation.*™ 
In the Dead Sea the total solids are about 20% by weight and of them potas- 
sium represents 1-60-1:85%, the total quantity of potassium chloride being 
estimated at 2000 x 10° metric tons.'? At Searles Lake in California 
potassium chloride is also present in the brine,*°*»°% and many other sources 
are known in U.S.A.;_ e.g., Nebraska*™ (average 22% K,O in solids), Great Salt 
Desert’’?(2-94 g. of potassium per |. of brine), Bay City, Michigan’ (21-36 g. 
of potassium per 1. of brine), and in the Saratoga Basin.’*® The waste liquors 
from certain salt works are similar and are used in some areas as a source of 
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potassium. From some Austrian-works, concentrations of up to 40g. per l. of 
KCLare found,**® while those from works in the Veser-Saale~Elbe district con- 
tain up to 160g. per |. of mixed chlorides and sulphates of potassium, sodium 
and magnesium.*** In the U.S.S.R., potassium is found in the waters of Lake 
Sacki (KCl, 0*-74%),'*79*** in the region of Lake Inder,'** in and around Lake 
Dengiz-kul,*** and in the water of the mud volcanoes in the Caucasus.'* In 
Nigeria, Lake Chad has a high potash content and there are other sources of 
this element."*”*** Potassium salts have also been found in Sambhar Salt 
Lake, Rajputana,”*® and in small amounts in Japan.’7°'? It has been-pointed 
out that whilein soils plants absorb potassium, in lakes it is adsorbed by silt 
and in the seas its concentration is reduced by the formation of glauconite.*** 

The potassium chloride content of sea water (0:07%) is found inthe 
mother liquors of the salt obtained by solar evaporation***»*** and proposals 
have been made to recover it either in the form of carnallite’** or as sch6- 
nite, K,SO,,MgSO,,6H,0. '®*8° More recent suggestions are to treat batches 
of sea water as a whole with an aromatic nitroamine forming a slightly soluble 
potassium salt: the separated precipitate is then decomposed with nitric acid 
and the amine recovered for further use.***"?*° 

In view of the theories on the origin of salt deposits, an investigation of 
one in process of formation in French Somaliland is interesting.**’ The lake 
is fed from the sea and already one-half is solid salt with rings of gypsum at 
the edges. The occurrence of potassium as chloride and sulphate at Stass- 
furt is still one of the most important in the world and controversy still rages 
as to the origin of these****** and other German deposits, such as those in the 
Middle Rhine valley***’*** in Hannover,*** in Southern Baden**® and in the 
Harzi*7"*** After the 1914-18 war, more attention was paid to the deposits of 
potash in Alsace**?*** which consist of two layers, 0:80 m. and 0+30 m. thick, 
separated by 1+80 m. of shale and rock salt.**® Analyses show a content of 
potassium chloride ranging from 23-05 to 35+25%, the rest being mainly salt.’ 
The annual production from the Alsace mines was stated to be 615,000 tons in 
1931 with an expectation that it would rise to 900,000 tons.*” 

The important deposits of Solikamsk (Perm, U.S.S.R.) differ from those of 

Stassfurt in containing no sulphates but only sodium, potassium and magne- 
sium chlorides, mainly carnallite with less sylvinite, and covered by rock 
— salt.2°7-*6§ ~The thickness of the carnallite bed ranges from 21 to 100 m. and 
that of the sylvinite from 12 to 50 m.;. prospecting indicates a reserve of K,O 
of 6 billion tons under 550 sq. kilometres.*®’*7? The sylvinite contains 
28-30% KCl, the carnallite 18-20% KCl. 
' Further surveys have discovered numerous other potassium supplies in 
the U.S.S.R.2""” These are mostly of the same type as the Solikamsk 
deposits and occur in the Southern Urals,*”* in Central Asia,*78*!7%in the Ural- 
Emba region,*’’"*” in Kazakstan,*”® in Ozinskii,**°*" in the neighbourhood of 
Lake Inder,'*??!**on the right bank of the Volga’™ and in Prikarpaté (Carpathian 
Ruthenia).?®° 

There are also important minor deposits of potash in other parts of 
Europe.**%)?"” In France,****” in Spain,?9?72% in Poland*****’ and on Vesuvius?” 
potash occurs, but the exploitation of these sources depends on economic 
factors. In Sicily*’*? beds occur with a content of 6°47 to 15°53% K,O. There 
are deposits in England in North-east Yorkshire, near Whitby, which have been 
explored and found to contain polyhalite, kieserite, sylvine and carnallite. 
They appear to be extensive but are not at present worked because shafts to 
a depth of 4000 ft. would have to be sunk.??° 

In America there are important deposits of Permian age in W.Texas and 
New Mexico,*“9"7 and some potash has been found in Utah.7°?*° In Canada 
great quantities of mineral containing 35% KCl have been found in beds 435 
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ft. thick at a depth of 3500 ft.7*"°7"’ at Vera, Saskatchewan. There are 
indications of deposits in Chile”*? and Peru.”* Potash deposits at Bahia, 
Brazil, are interesting as they consist of potassium nitrate, presumably of 
organic origin.*** Nitrate deposits also occur extensively in Western Cape 
Colony and the Transvaal,”** and this source of potash is the usual one in 
India.“* Deposits from a limb of the Red Sea occur in Abyssinia”** and 
Eritrea,*** and beds in Tunis*”” have also been worked. 

While the earlier work on the origin of the oceanic salt deposits (see 
Mellor, II,427) still remains a monument to the application of the phase rule to 
the study of salt solutions, more recently attention has been given to the 
geological conditions of formation and to the effects of partial leaching on the 
original deposits.°*"**7979»?4! A recent review??? summarizes what is now known 
and gives a select bibliography. 

The potash absorbed by plants from the soil can be recovered from the 
ash of the plant, though this recovery is practised only when the plants are 
available free of cost or the plant product is a residue from some other process. 
Seaweeds, especially Laminaria, to a total weight of 400,000 tons were 
collected in Europe each year at the end of the 1914-18 war,?#*?*** dried, 
burned and the ashes lixiviated to yield 10,000 tons of potassium salts. The 
potassium content of the seaweed is variable, 4-7% in Japanese weeds,’* 
while the ash of Australian seaweeds contains on the average 14% of this 
element.*** It is important to keep the burning temperature low or potassium 
chloride may be volatilized.**”*" The use of seaweeds on the American 
coasts has also been developed.**°** Many marine algae when washed 
contain more potassium than sodium.”“* | 

Fresh-water plants are used as sources of potassium only when they grow 
in great quantities, e.g. the Nile 'sudd'***or the water hyacinth of Burma.7*°»?4” 
Of land plant sources of potassium the ashes of wood have long been used 
and it has been calculated that if all the ash of wood burned in the U.S.A. 
could be collected it would yield over 140,000 tons of K,O per annum. Actu- 
ally, the potash available from this source is estimated at 2100 tons of K,O. 
The content of K,O in wood ash varies with the type of wood and ranges from 
10% for some softwoods to 35% for hardwoods.*** The quantity of potash 
actually obtained falls far short of these maximum figures.**°*5' The refuse 
from special crops such as sunflowers (in which the K,O content of the ash 
may be as high as 37%)" "or hemp,”** or from weeds, such as ragweeds,?® 
moss””’ or bracken,*** is also used to supply local needs of potash. 

Residues from sugar industries, both cane and beet, form an important 
source of potash, either by burning them directly?*°"?™ or after the molasses 
has been fermented for the production of alcohol.7**-77* As an example, a 
Hawaiian factory obtained 2:5-3:0% of ash containing about 35% K,O, but in 
all processes the temperature of combustion must be kept low to prevent the 
formation of less soluble silicate slags. 

The relations between soil potash and plant absorption are not very clear, 
in spite of much investigation.”””""*°? In certain crops definite effects have 
been observed, e.g. in beet, where halving the K,O content of the ash had no 
effect on the sugar content,”**»*** and in tobacco where there is more potash in 
the better grades;*** while the application of potash manures to Citrus trees 
was found to result in larger and more numerous fruits, but with decreased 
sugar content.”°°”"" Special qualities in the French wine vintages of 1921 
and 1923 were attributed to the potash content; if this is low, insufficient 
potassium hydrogen tartrate is precipitated.7*°*” 

In animals the secretion of potassium has been followed by administration 
of **K which can replace 95% of the 40 g. of potassium normally present in the 
human body.*°79°* Potassium is excreted as sweat — hence the importance of 
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wool washings (which when calcined give an ash containing over 80% ot 
potassium salts),°* and of wool ‘yolks’ from which about 30 Ib. of potassium 
salts can be obtained from 1000 Ib. of raw wool.** 
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THE EXTRACTION OF POTASSIUM SALTS FROM NATURAL SOURCES 


The general methods of extraction of potassium salts already described 
(Mellor, II, 432,436) have largely remained in use. Subsequent improvements 
include the use of flotation of the solid crude material in brines of various 
composition which has been reviewed. In this way the sylvinite ores of 
Carlsbad can be concentrated to 82-97% KCl using also a sulphated aliphatic 
alcohol as flotation agent? and a 99:9% recovery of potassium chloride is 
claimed by the use of salts of the primary aliphatic amines, C,,.,, as flotation 
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agents. Similar treatment of this ore is proposed in the U.S.A.,* in the U.S.- 
S.R.,*® and in France,*®’” whilst various mechanical methods of separation and 
their application to potash salts have been reviewed.* The use of steam to 
extract carnallite and crude saltpetre is said to have advantages,” as also is 
the use of reduced pressure and of various devices to speed up the evapora- 
tion of the liquors containing the salts in solution,’® while a method for the 
electrostatic separation of potash ores has been reported." The Kelly press 
is recommended for removing slimes from these solutions,*? though rotary 
filters and co-current evaporators are sometimes preferred.** Mechanical 
excavation and grinding is necessary not only for the crude material’*** but 
also for the extracted material, as the market is seasonal and the potassium 
chloride cakes during storage.*®*’ | 

The addition of phosphate can be used to promote the separation of the 
potassium in the form of CaKPO,'**® or of the magnesium” as MgNH,PO,. 
Magnesium carbonate can also be used to separate potassium compounds from 
mixtures; crystals of MgCO,,3H,O are formed by the action of carbon dioxide 
on a dilute suspension of magnesium hydroxide in potassium chloride, and 
further treatment withcarbon dioxide yields adouble carbonate: 3(MgCO,,3H,O) 
+ 2KCl + CO, — 2KHMg(CO,),,4H,O + MgCl,. The double salt can be decom- 
posed by heating, cry or in an autoclave, and the potassium carbonate then 
washed out. Other reactions are possible and strict control of concentrations 
and temperatures is necessary."*"* An alternative way of separating potas- 
sium salts is by the use of ammonia and carbon dioxide.**"** More recently, 
treatment of solutions of crude potassium salts with gaseous ammonia and am- 
monium chloride has been used to precipitate either potassium chloride or sul- 
phate, according to the anions present.*”’** Carnallite can be leached with 
mother-liquor from previous operations, which dissolves the magnesium chlor- 
ide and leaves potassium chloride, or alternatively sulphate liquors may be 
added and the potassium recovered as the relatively insoluble potassium sul- 
phate.*?°° The Solikamsk deposits appear to be simpler to work than those of 
Stassfurt, as the former contain high-grade sylvinite and can be purified as an 
ideal KCl-NaCl-H,O system, with little interference from calcium sulphate or 
the small proportion of magnesium chloride present.** 

The recovery of potassium compounds from brines presents special diffi- 
culties. It has, however, been suggested that the underground formation of 
potash brines by injecting superheated brine deficient in potash may be an 
economical way of mining thin beds of potash salts.*”** If the pH of the brine 
is raised to 8—10 by adding soda or lime, interference from magnesium and sul- 
phates is eliminated.** Solar evaporation is used and the content of sulphate 
regulated to encourage formation of potassium sulphate under favourable cond- 
itions.**“** A major problem in the treatment of Searles Lake and Deep Springs 
brines is the presence of borates — a most undesirable contaminant if the pot- 
ash is to be used as a fertilizer. Most of the borax can be removed by caretul 
crystallization of the potassium chloride,**"*? though other methods proposed 
are precipitation as aluminium borate,** hot centrifuging of the moist salts,“ 
partial neutralization with acid, followed by concentration and cooling,** ex- 
traction of boric acidwith alcohol**and precipitation of the contaminating salts 
by evaporation under pressure.*’ Itmay be necessary to precipitate carbonates 
from some brines either by treatment withlime® or with calcium sulphate, which 
will also remove borates and arsenic.*® In Japan, precipitation as potassium 
chlorate or perchlorate is used in treating bittern.*° The plant for treatment of 
brines has often hadtobe specially designed, e.g. continuous plant for crystal- 
lization, cooling, evaporation and removal of crystals.*’** Potassium can be 
recovered from dilute solutions such as sea-water by adding a soluble salt of 
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dipicrylamine, when the insoluble potassium dipicrylaminate is precipitated. 
This can be converted into other salts and the dipicrylamine recovered by treat- 
ment withacid.**"*’ The use ofsynthetic ion-exchange materials has also been 
reported.**’*? 

In obtaining potash from kelp, the dried weed is now distilled to obtain use- 
ful organic products, and the resulting carbonaceous mass is lixiviated to re- 
move potassium salts leaving as a residue a useful decolorizing carbon.°°™ 
There have been suggestions for treatment without distillation.°’°* Ina simi- 
larway, waste molasses is burnt andthe soluble potassium compounds extracted 
from the ash,*°’-”* though dialysis, electrodialysis and ion-exchange have been 
proposed to extract them without combustion;*°** alternatively the potassium 
may be precipitated as K,CaFe(CN),, which on treatment with ferric sulphate 
yields a solution of potassium sulphate.** Potassium salts can alsobe recov- 
ered from the mother liquors of tartaric acid plants, best by direct crystalliza- 
tion as chloride and sulphate.** The recovery of potash from wool scourings 
depends for its economic feasibility on the preliminary recovery of grease by 
solvent extraction and on operation on a sufficiently large scale.°~” 

The polyhalite of New Mexico, K,SO,,MgSO,,2CaSO,,2H,0, is broken down 
by roasting, either alone or withlime, followed by treatment with limited quan-- 
tities of water, when either potassium sulphate or K-Mg-schénite is formed.°*”*® 
In other methods, sodium chloride is added to the extract and potassium chlor- 
ide is crystallized out;°’-°? or, when lime is used in roasting, syngenite (K,- 
SO,,CaSO,,H,O) may be produced, or ammonium carbonate may be used to pre- 
cipitate magnesium carbonate,*°*™ or the roasting may be under reducing 
conditions and give potassium sulphide.**”*™ Ina similar way the extraction 
of potash from alunite can be based on treatment with either hydrochloric acid 
or an alkali(caustic potash or soda), with or without preliminary roasting.'°"**° 

The decomposition of silicates for the separation of potash has been the 
object of much ingenuity but has often proved unprofitable. The glauconite of 
greensand is one of the easier silicates to attack, either with acids,‘!°"* with 
lime***-*** with ferric chloride**® or with nitrates.**° The siliceous residue is 
said to be useful in glass-making or in ceramic materials. More resistant sili- 
cates suchas wyomingite can be decomposed by heating withlime and a halogen 
compound so as to volatilize the potassium halide,****** or by the action of 
nitric acid with oxides of nitrogen,*** or by extraction under pressure with sodium 
salt solutions.’*”*?” Various other treatments are stated tobe effective, and 
the practicability and economics of known processes have been critically con- 
sidered, because it is estimated that enough wyomingite is available to supply 
the potash needed by the U.S.A. for several hundred years.*** 

The extensive deposits of leucite at Rocca Monfina, Italy, contain 10%K,0 
and canbe exploited in a variety of ways. Dilute sulphuric acid gives potash 
alum, while dilute hydrochloric acid gives a double potassium aluminium chlor- 
ide.****°° A number of general accounts of the methods used for these deposits 
have been published,***-*** but according to Tarchi, only the sulphuric acid 
treatment is practicable.**” Among interesting suggestions are treatment with 
nitrogen oxides, chlorine, acids, alkalis and neutral salts.***"*** Sometimes the 
production of mixed fertilizers rather than pure potassium compounds is the ob- 
ject of the treatment, e.g. with phosphates or nitrates.‘4°-*™ 

Attempts to obtain potassium compounds from the more refractory silicates 
in which the element occurs are desctibed in a large number of papers and pat- 
ents. Treatment with lime or other alkalis is a common method. For example, 
such minerals are heated with lime and salt to about 1000°C., the potash is 
leached out andthe residue is usedas cement;**”*** in other processes the lime 
is omitted or replaced by other alkalis.***"*™ When sulphates are required, sod- 
ium sulphate is added or the product of heating is leached with sulphuric acid.*®” 
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*6* Iron and manganese are stated to catalyze the decomposition of the silicate 


(a process using lime and the chlorides of these metals heated in a stream of 
air containing hydrochloric acid, is said to extract half the 7-8% K,O in a fel- 
spar);*“ in another similar process 81°7% of the potassium in a felspar was 
rendered soluble*®’ and in yet another the product contained 5°82% of available 
KOs one report denies, however, the usefulness of iron oxide in this extrac- 
tion.**’ Studies of the mechanism of these reactions suggest that the initial 
stage is the formation of calcium or sodium oxide, which then reacts with the 
silica and sets free the potash.***”° Alternatively,*7'7? acids or acidic 
vapours (SO,, CO,, HF, HCl, HNO,) are used at high temperatures.*7***° Heat- 
ing strongly, usually in the presence of steam, with calcium cyanide, or calcium 
cyanamide, or with calcium carbide in nitrogen, is also described as a means 
of liberating soluble potash from silicates.*""*** Alunite is used as a source 
of bothpotassium sulphate andaluminium oxide, either by leaching with sulphur- 
‘ic acid**’ or by fusion with alkali sulphides.**© If sodium is present either from 
the original mineral or from the fusion reagent, the separation of pure potassium 
salts is more difficult.*°**’ ) 

The volatilization of potassium compounds at high temperatures forms an 
attractive method of separating them from many contaminants even when the de- 
sired element is present only in small amounts. Studies of the relative vola- 
tility of potassium compounds importantin this connection give the order; KOH, 
KCl, K,O from K,CO,, K,SO,, natural silicates. The actual vapour pressures 
in mm. of mercury are: KOH (795°), 8; K,O in K,CO, (970%, 1°68 (1130, 5:0; 
K,SO, (1130°), 0°4; KCl (801°), 1°54; (948°), 8°33; (1044°), 34:1mm. These 
determinations indicate that the presence of water vapour is advantageous in 
alkaline mixtures, unless there is enough chloride present to produce the vola- 
tile potassium chloride.***"*°° A few proposals have been made to make bricks 
from special mixtures giving volatile potassium’ compounds or to smelt such 
mixtures,****°> but far more attentionhas beengiven to the recovery of such pot- 
ash as occurs normally in fumes and dusts from cement kilns and blast furnaces. 
In cement manufacture, salt of the chlorides of alkaline earth metals may be 
added to the mix, and sufficient water vapour introduced into the kiln to accel- 
erate the formation of volatile potassium compounds.'°* The proportions of 
lime and silica in the cement mix also affect the volatilization of the potash;™ 

‘using calcium carbonate inthe ratio 2CaO:SiO,, decomposition of the silicate 
and volatilization of potash begin at about 1150 ., but with less lime than cor- 
responds with the metasilicate this reaction stops, even at very high tempera- 
tures. Added ferric oxide favours the liberation of potassium but added alumina 
is disadvantageous because it converts the lime into aluminate. The dust is 
usually collected in flues, sometimes with electrostatic precipitators, and lixiv- 
iated to extract the potassium salts.7°*°?"’ 

In the recovery of potassium compounds from dusts from blast furnaces it 
is advantageous to addchloridestoincrease the proportion of potash volatilized. 
The dusts, which are often electrostatically precipitated, contain 20—28% K,O 
and this is separated by solution in water and filtration on a rotary filter to 
yield a product containing 80% of soluble K,0.7%"*** Attempts have been made, 

_ with some success, to volatilize phosphorus simultaneously, using an oxygen- 
enriched blast.7** In the absence of chlorides the alkalis tend to form cyanides 
in the blast furnace, and these on risings are oxidized by the unreduced ores, 
and are then carried down again by the silica and alumina, to bedisplaced in 
turn by calcium to form the permanent slag:**” this accounts for the observed 
accumulation of alkali at tuyére level. 
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SECTION XLIII 
THE PREPARATION AND USES OF POTASSIUM 
By J.P. QUIN 


THE PREPARATION OF POTASSIUM IN THE LABORATORY 


Since the original Treatise was published some attention appears to have 
been directed towards the study of methods of formation and preparation of 
metallic potassium in the laboratory, but it is often found that papers dealing 
ostensibly with this subject describe work which has in fact been carried out 
on the preparation of metallic sodium, and then discuss by analogy the pro- 
duction of potassium. 

Potassium can be produced by chemical processes which involve thermal 

decomposition of potassium compounds or reduction of potassium compounds 
with metallic or non-metallic reducing agents at elevated temperatures, or by 
electrolysis of potassium compounds in solutions in non-aqueous solvents or 
in the fused state or electrolytic processes involving the use of an anode 
consisting of a molten potassium alloy such as potassium amalgam. It is 
interesting to note that the related metals lithium and sodium which, like 
potassium, are produced on the commercial scale, are almost invariably pre- 
pared by the electrolysis of their compounds, preferably in the fused state, 
and that chemical methods of preparation are seldom used except in special 
circumstances. It will be seen, however, that in the case of potassium 
chemical methods of preparation have been found to offer substantial advan- 
tages over the preparation of the metal by electrolysis and have actually 
superseded electrolytic routes in the manufacture of potassium on the com- 
mercial scale. 


FORMATION AND PREPARATION OF POTASSIUM BY CHEMICAL REACTION 


In general it may be said that chemical reactions analogous to those used 
in the preparation of sodium (see page 308) are applicable to the preparation 
of metallic potassium. Many of the methods recommended for the preparation 
of potassium are advantageously carried out under reduced pressure. How- 
ever, potassium readily absorbs mercury vapour, even at room temperature, 
and as the laboratory preparation of potassium is frequently undertaken with a 
view to obtaining samples of a highly pure metal suitable for determinations 
of physical or electrical properties of the element, this admittedly small 
mercury contamination may be very undesirable.* In such circumstances it 
may be preferable to use an oil pump rather than a mercury pump for obtaining 
the vacuum, or alternatively to make arrangements to avoid contamination of 
the potassium from back diffusion of the mercury vapour. 


Thermal Decomposition of Potassium Compounds. 

Potassium is formed by the thermal decomposition of certain potassium 
salts. Thus, the decomposition of potassium azide in vacuo has been used 
as a method of preparing small quantities of the metal in the laboratory.”” 
The decomposition, which is allowed to take place slowly over a period of 3 
to 4 days, begins at 355°C. and a steady evolution of nitrogen takes place at 
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360°C. Under these conditions the liberated metal distils away from the 
residual mass in the decomposition vessel giving an 80% yield of pure potas- 
sium. The light brown residue remaining after the decomposition has taken 
place reacts with water to give ammonia, thus indicating that some potassium 
nitride has been formed during the reaction. The method suffers from the 
disadvantage of being somewhat time consuming owing to the long period 
necessary for decomposition. Also, as potassium azide tends to be explosive, 
it is advisable to limit the method to the preparation of small quantities of 
metal. It is claimed, however, that very pure potassium is obtained, and in 
particular that the metal is free from hydrogen, and is therefore suitable for 
work on the determination of physical properties.” Potassium is also formed 
when potassium ferrocyanide or ferricyanide is heated in vacuo”® (see page 
1480). The formation of potassium, together with potassium cyanide and 
nitrogen, takes place when potassium cyanamide is heated at 500°C. in an 
atmosphere of nitrogen. The presence of a mixture of aluminium oxide and 
ferric oxide accelerates the reaction. Coal also acts as an accelerator.°? 


The Preparation of Potassium by Thermal Reduction of Potassium Compounds 
with Metallic and Non-metallic Reducing Agents. 

One of the earliest methods for the production of potassium involved the 
reduction of potassium salts with carbon. Thus, in 1808 Caraudau prepared 
the metal by reducing potassium carbonate with charcoal at high temperatures, 
and subsequent workers made a number of improvements in the process. The 
preparation suffered from the fundamental and serious disadvantage that under 
certain conditions the potassium and carbon monoxide liberated by the reac- 
tion combined to form an explosive compound (Mellor,II,450), and this may 
help to explain why the development of this route to the metal has been 
neglected in recent years. However, the reduction of potassium carbonate 
with carbon:- 


KC0, 2 20 2K +-3C0, 


has been studied,’ and it was found that potassium monoxide is not produced 
as an intermediate product during the reduction. 

Caradau’s work was carried out at normal pressures and at what is 
described as white heat. It has now been shown that the reduction of potas- 
sium compounds with carbon may be advantageously carried out under reduced 
pressure. ‘Thus, the reaction of an intimate mixture of potassium hydroxide 
and graphite starts about 700°C. in vacuo, and proceeds readily at 900°C. 
with a 90% yield of potassium metal.* , 

Potassium is produced when potassium halides are reduced with calcium 
carbide according to the equation:-?** 


2KX + CaC,'—-. CaX, +. 2C + 2K. 


When an intimate mixture of 149 parts of potassium chloride and 80 parts of 
80% pure calcium carbide is heated to a temperature above the melting point 
of the potassium salt, preferably in the temperature range 1200-1300°C., 
metallic potassium is separated by volatilization and condensation.*® The 
preparation of potassium may also be carried out by passing potassium chloride 
vapour, preferably at about 800—1100°C., over solid calcium carbide at a pres- 
sure substantially less than atmospheric. Potassium vapour is formed and 
recovered by condensation.'° 

Russian workers who have investigated the production of alkali metals by 
reducing alkali chlorides with calcium carbide have carried out some prelimi- 
nary experiments on the reduction of potassium chloride.** When an intimate 
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mixture of finely ground potassium chloride and calcium carbide is heated at 
1000°C. under reduced pressure, potassium metal of good quality is obtained 
in about 80% yield. The reduction of potassium fluoride with calcium carbide 
at about 1100°C. under normal pressure forms the basis of a manufacturing 
process for the production of metallic potassium*’ (see page 1491). 

An interesting mode of formation of potassium is the reduction of metallic 
oxides by potassium cyanide.** Metallic oxides, such as lead oxide or nickel 
oxide, react with potassium cyanide to produce metal from the metallic oxide 
and also metallic potassium, according to the equation:- 


2PbO + 2KCN — 2Pb + 2CO +N, + 2K. 


The reduction of potassium hydroxide with aluminium takes place in two 
stages.'° The primary reaction proceeds according to the equation:- 


2KOH + Al—> KAlO, +K +H, 


The reduction may be carried out in vacuo at 600°C. and the yield of potas- 
sium metal is limited to 50% of the potassium content of the hydroxide owing 
to the formation of the aluminate. The reaction tends to be violent. In the 
presence of aluminium, however, potassium aluminate may be reduced at 
1350°C. under a pressure of 1:5 mm. of mercury to give potassium. This 
result was obtained when the reduction was carried out in a porcelain crucible, 
but when a magnesia crucible was used a mixture of potassium and magnesium 
metals distilled off at 1300°C. under a pressure of 1mm. of mercury. A pro- 
cess for the preparation of potassium by the reduction of potassium aluminate 
with metallic aluminium in vacuo has been patented.'*# 

Barium may be used as a reducing agent for potassium compounds.”® In 
an ingenious method of preparation, small amounts of potassium are obtained 
by heating a mixture of potassium chloride and barium azide under reduced 
pressure. Potassium chloride is added to an aqueous solution of barium 
azide and the mixture evaporated to dryness in vacuo at room temperature in 
order to avoid the hydrolysis of barium azide to barium hydroxide which tends 
to occur at higher temperatures. On heating the mixture to about 100-200°C. 
the barium azide decomposes to give barium metal which then serves to reduce 
the potassium chloride to potassium. The reduction may be carried out in 
glassware at about 400°C. under reduced pressure, and it is stated that under 
these conditions no distillation of barium takes place. For the preparation of 
small quantities of potassium this method is said to be better than the reduc- 
tion of potassium compounds with calcium, magnesium or iron or the direct 
thermal decomposition of potassium azide. Aa 

Beryllium also acts as a reducing agent for the hydroxide.*’ When an 
intimate mixture of 2 parts of potassium hydroxide and 0-5 parts of beryllium 
is heated in vacuo at 700°C. the hydroxide is rapidly and completely reduced 
according to the equation:- 


2KOH + 2Be —> 2BeO + 2K + H,. 


In a comprehensive survey of laboratory scale methods for the preparation 
of the alkali metals either by thermal decomposition of alkali salts, or thermal 
reduction of alkali compounds with metallic or non-metallic reducing agents, 
Hackspill states that the simplest and most convenient method of preparing 
potassium is by the reduction of potassium chloride with metallic calcium 
under reduced pressure.** The Hackspill method depends on the reaction of 
potassium chloride with calcium at about 400°C. under a reduced pressure of 
preferably 0-01 mm. of mercury, when potassium distils off according to the 
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equation:- 


2KCl + Ca->.CaCl, + 2K. 


The reaction may conveniently be carried out in glassware if certain simple 
precautions are observed, and if the temperature is kept low enough the potas- 
sium is obtained in a high degree of purity which is said to compare favourably 
with that produced by other methods of preparation.** At higher temperatures 
some calcium may distil and contaminate the product, but the potassium can 
be readily purified by redistillation under reduced pressure. 

A number of modifications of the Hackspill method have been proposed.®”” 
Thus, for the preparation of batches of potassium of the order of 100-200 g. itis 
desirable to use an all-metal apparatus, and one constructed of iron has been 
described in detail.° 

Hiackspill and his collaborators have made an extensive study of the 
formation of potassium by the reduction of a number of potassium compounds 
with iron at elevated temperatures under reduced pressure.*”*° When reduc- 
tion of potassium chloride, bromide or iodide is attempted with iron in vacuo, 
the iron halide produced by the reaction tends to volatilize. This volatilized 
iron halide then reacts in the colder parts of the apparatus with the potassium 
metal which has distilled over, giving metallic iron and potassium halide, and 
so reducing the yield of potassium. It is found that when potassium chloride, 
bromide or iodide is reduced by iron in vacuo at 900-1000°C, the yield of 
potassium is poor, but rather better results are obtained by using potassium 
fluoride.* When a mixture of potassium nitrate and iron is heated in vacuo at 
G00°C., potassium is formed according to the equation:- 


2KNO, + 4Fe > 2Fe,0, + 2K + Ny 


The reaction may be rather violent, and the yield of potassium is poor.* 
With potassium sulphate the reduction proceeds at about 1000°C. as 
follows:- 


2K,SO, + 3Fe — Fe,0, + FeS + SO, + 30 + 4K; 


and the yield of potassium is about 80%.° Other workers who reduced potas- 
‘sium sulphate with iron in a quartz vessel at a temperature between 875° and 
1300°C. obtained a 60% yield of potassium contaminated with considerable 
amounts of sulphide.” | 

Potassium sulphide may be reduced to potassium by heating it with excess of 
iron in vacuo at a temperature between 950 and 1000°C. It is suggested that an 
almost quantitative yield of pure potassium is obtained. This method of 
preparation is superior to the reduction of potassium sulphate, in that no 
gaseous products are formed which might contaminate the potassium produced.’ 
It is claimed in a patent that potassium may be prepared by the reduction of 
potassium sulphide with iron, preferably in the presence of an admixed basic 
oxide or carbonate such as calcium oxide.” 

The reduction of potassium carbonate with iron, which takes place only 
with difficulty at 1200°C. under normal pressures, can be carried out at 
1000°C. in vacuo according to the equation:- 


2K,CO,; + 2Fe —~ Fe,0, + CO + CO, + 4K. 


The yield of potassium approaches the theoretical, but explosive compounds 
may be formed by the potassium with the carbon monoxide produced as a 
by-product.°: : 

Potassium cyanide is completely decomposed by iron in vacuo at above 
600°C. to give potassium metal in good yield.® 
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The thermal decomposition of potassium ferrocyanide and ferricyanide 
may be considered to be essentially the reduction of a potassium compound 
with iron.*** Thus, Pinck found that when anhydrous potassium ferrocyanide 
is heated in a quartz crucible under a pressure of 0-01 to 0-001 mm. of mercury 
a slight evolution of gas takes place at 300°C.° This gas evolution increases 
with increasing temperature and the composition of the gas changes as follows:- 


Temps: ©. 300 300-400 400-450 550 
Cyanogen, % 98 60 4S - 
Nitrogen, % - 40 65 98 


At 600°C. potassium cyanide volatilizes and at 700°C. potassium metal is 
formed, leaving a residue of iron and carbon in the crucible. It is suggested 
that when potassium ferrocyanide, which for this purpose may be regarded as 
Fe(CN),,4KCN, is heated in vacuo, the iron cyanide decomposes at about 


300°C. as follows:- 


Fe(CN), —> Fe + (CN). 


At 600°C, the reaction is:- 


Fe(CN),> "Fe + 2C +N. 


Between these two temperatures the gas evolved is a mixture of cyanogen and 
nitrogen. At 600°C. the residue remaining after decomposition consists of 
iron, carbon and potassium cyanide. At 700°C. the potassium cyanide and the 
iron react to give potassium metal. As the potassium cyanide is present in 
excess the reaction is incomplete. 

Very similar results were obtained by Ormont and Petrov®* who found that 
when a mixture of potassium ferrocyanide with 50-65% of its weight of iron 
filings (which are said to catalyze the decomposition) is heated under a 
pressure of less than 4 mm. of mercury, potassium cyanide is formed at 550- 
600°C. according to the equation:- 


5 


K,Fe(CN), > 4KCN + FeC, + Np. 


The so-rcalled iron carbide is in fact a mixture of iron, graphite and iron 
carbide. On raising the temperature, the potassium cyanide reacts with the 
iron and potassium distils off at 850-900°C. It is desirable to cover the 
reaction mixture with an equal weight of iron filings to prevent distillation of 
potassium cyanide. It is claimed that very pure potassium is obtained in 80% 
yield. 

The first stage, in which ferrocyanide decomposes to give cyanide, is not 
influenced by pressure, but it is found that the decomposition of the cyanide 
does not take place very satisfactorily at pressures greater than about 1 mm. 
of mercury, and falls off very rapidly at about 100 mm. During the decomposi- 
tion of the ferrocyanide no ferricyanide is formed.° 

Potassium is also formed by the thermal decomposition of potassium ferri- 
cyanide. This decomposes on heating to give potassium ferrocyanide, which 
then decomposes in turn in the manner described above.* | 

When potassium thiocyanate is heated with iron in vacuo reduction starts 
at 500°C. according to the equation:- 


Fe + KCNS > FeS +.KCN. 
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On further heating at temperatures above 600°C. in the presence of excess 
of iron, the potassium cyanide is decomposed to give potassium metal? 

Potassium is formed when potassium aluminate is heated with iron in 
vacuo at about 1550°C., according to the equation:-** 


Fe + 2KAIO, — AI,O,; + FeO + 2K. 


The maximum yield of potassium that can be obtained when potassium 
arsenate is reduced with iron in vacuo at 900°C. is about 50%. It is claimed, 
however, that the metal so produced is highly pure and in particular is free 
from arsenic.* 

Small quantities of potassium, together with phosphorus, are formed when 
potassium metaphosphate is decomposed with iron at 1400°C. in vacuo, 
according to the equation:-* 


2KPO, + GFe — 6FeO + 2K + 2P. 


A repetition of the classic experiment of Gay Lussac and Thénard, who 
prepared potassium by heating metallic iron with potassium hydroxide ata 
white heat according to the equation:- 


4KOH + 3Fe — Fe,0, + 2H, + 4K, 


has been carried out in vacuo by Pinck. Under these conditions the reduction 
begins at about 600°C., and at 600-650°C. potassium distils over in 70-80% 
yield.° . 

Potassium has been prepared by reducing potassium fluoride with magne- 
sium.**?° When potassium fluoride is heated with magnesium at 500=700°C.. 
under a pressure of 11 mm. of mercury, potassium metal distils over at about 
540°C. It is claimed that the metal made in this way is of high purity, and 
the process has been patented.?**° Potassium hydroxide reacts explosively 
with magnesium in vacuo at about 550°C. to form potassium.® Potassium is 
also formed quantitatively when potassium aluminate is heated with magnesium 
in vacuo at 550°C.° 

Manganese has been employed as a reducing agent for potassium com; 
pounds, and potassium hydroxide can thus be reduced in a current of nitrogen 
or hydrogen at about 600°C. to yield potassium. The reaction proceeds 
rapidly at 700°C. When hydrogen is used potassium hydride tends to be 
formed in preference to the metal.”’ 

Attempts to reduce potassium compounds with nickel at high temperatures 
under reduced pressure have been unsuccessful except in the case of the 
hydroxide and the sulphide; potassium halides and oxygen-containing salts 
yield no potassium at temperatures up to 1360°C.*° When potassium chloride 
is heated with excess of nickel in vacuo at about 900°C., the chloride distils 
off unchanged, and the vapour does not react with nickel at temperatures up to 
1360°C.° Similar results ate obtained when a mixture of nickel and potassium 
iodide is heated in vacuo at temperatures below 1000°C. 

Nickel acts as a reducing agent towards potassium hydroxide as iron 
does, but somewhat less readily.* ‘“vhen a mixture of potassium hydroxide 
and excess nickel is heated under reduced pressure evolution of hydrogen 
Starts at about 500°C. and at about 550-G00°C. potassium distils off with 
some unchanged potassium hydroxide. If the potassium hydroxide vapour is 
passed through a packed bed of nickel at about 600-650°C., however, it is 
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possible to obtain complete reduction so that potassium alone distils off, 
leaving a dark brown residue of nickel oxide. 

Potassium cyanide does not appear to be reduced by nickel. When mix- 
tures of nickel and potassium cyanide are heated in vacuo at 900°C., much of 
the cyanide volatilizes and on condensation is frequently found to contain 
small amounts of potassium. The formation of potassium is attributed, how- 
ever, not to the reduction of potassium cyanide with nickel, but to the reaction 
of small amounts of oxide present in the nickel with the cyanide according to 
the equation:-* 


2NiO + 2KCN —> 2Ni + 2K + 2CO+N,. 


Alternatively, it is suggested that small amounts of potassium hydroxide in 
the cyanide may be responsible for the formation of potassium metal. If pure 
nickel and pure potassium cyanide are used, no potassium is formed. When 
potassium nickel cyanide is heated under similar conditions it decomposes 
into potassium cyanide, nickel, carbon and gaseous products of composition 
depending on the temperature.® For example, at 350°C. the gas contains 
80% of cyanogen and 20% of nitrogen. If the temperature is then raised 
potassium cyanide volatilizes leaving a residue of metallic nickel. 

When potassium thiocyanate is heated with excess of nickel under similar 
conditions the thiocyanate is decomposed according to the equation:- 


Ni + KCNS + '!NiS + KCN. 


At higher temperatures the potassium cyanide then distils off unchanged.°® 

Potassium is also formed when potassium sulphide is reduced with nickel 
in vacuo at temperatures in the.neighbourhood of 1000°C.° 

Below 1050°C. nickel reacts with potassium sulphate to give potassium ° 
oxide, iron sulphide and iron oxide. On further heating at 1350°C. potassium 
oxide volatilizes but no potassium is formed.® The same result is obtained 
when potassium carbonate is heated with nickel in vacuo at 1360°C.° 

Although the product of the reduction of potassium hydroxide or chloride | 
with sodium is not pure potassium but a potassium=sodium alloy, it is never- 
theless claimed that by combining this reduction with a fractionation of the 
product, high grade potassium can be obtained.” Potassium can also be 
prepared in this way by the reaction of solid potassium compounds with sodium 
in the vapour phase.”” 

The manufacture of potassium by the thermal reduction of potassium — 
compounds with sodium is discussed later (see page 1492). 

Phosphorus in the form of ferrophosphorus has been used in the prepara- 
tion of potassium by the reduction of potassium carbonate or hydroxide.*° 
According to a patent, ferrophosphorus containing 10-30% or preferably 22- 
26% of phosphorus is ground to 200 mesh, intimately mixed with potassium 
carbonate, briquetted, and then heated to 900+1500°C. under reduced pressure, 
when potassium distils off and may be condensed.*° 

The preparation of potassium by reducing anhydrous potassium compounds, 
such as the silicate, with silicon or ferrosilicon at 800-1300°C. has also been 
patented.* 

Potassium may be prepared conveniently by reducing potassium compounds 
with zirconium powder at high temperatures under reduced pressure. Zir- 
conium has the advantage of being almost completely nonvolatile under the 
conditions of the preparation and by selecting suitable potassium compounds 


Refs. p. 1489 


430] PREPARATION 1483 


it can be ensured that the zirconium compounds formed by the reduction are 
likewise of low volatility. Thus, potassium chromate and zirconium mix- 
tures in the proportions 1:2 and 1:4 react gently and smoothly to yield potas- 
sium. The reaction starts at about 800°C. and a yield of up to 80% of metal 
free from oxide is obtained.” 

Mixtures of potassium permanganate and zirconium in the proportions 1:4 
react explosively at 300°C., but in the proportion 1:10 the reaction proceeds 
quietly at the same temperature. In the former case the product is a mixture 
of potassium with considerable amounts of oxide; in the latter a mixture of 
about 50% of metal and 25% of oxide is obtained.” 

When one part of potassium molybdate is heated with 2 parts of zirconium 
the reaction is explosive, but a 1:4 mixture produces potassium smoothly and 
gently at 500°C., the yield being about 70%. The product is said to be free 
from oxide.” 

With three mixtures of potassium tungstate and zirconium, in the proportions 
1:1, 1:2 and 1:4 respectively, potassium is formed smoothly at 570°C.; the 
yield is about 80% and the product is free from oxide.” 

Potassium sulphate and zirconium powder in the proportions 1:4 react 
with explosive violence when heated to about 725°C. under reduced pressure, 
and the product contains about 20% of potassium metal, together with 20% of 
oxide and 20% of sulphide and other impurities. With the sulphate and zir- 
conium in the proportions 1:10 reaction is also explosive, but a 50% yield of 
metal, free from oxide or sulphide, is obtained.” 

When a mixture of potassium dichromate and zirconium is used in the 
proportions 1:4 the reduction takes place with explosive violence at 370°C. 
giving a 40%: yield of potassium which, however, is contaminated with about 
30% of oxide. With the proportions 1:10, however, the reaction goes smoothly 
at about 380°C., giving a 40% yield of potassium free from oxide.” 

The reduction of potassium halides with zirconium is not satisfactory. 
The zirconium halides formed as by-products of the reaction distil off with the 
potassium, and in the colder portions of the apparatus the condensed mixture 
reacts to give metallic zirconium and potassium halide.” 

Other metallic reducing agents may be used to prepare potassium and the 
thermal reduction of potassium sulphide with arsenic or tin in a gaseous 
‘atmosphere, preferably argon free from oxygen, nitrogen or steam, has been 
the subject of a patent.*? | | 


PREPARATION OF POTASSIUM ALLOYS BY CHEMICAL MEANS 


Potassium—sodium alloys can readily be obtained by direct combination 
of the elements. 

The most common method is to melt the two metals together under kero- 
sene. This however is not satisfactory, as the alloy tends to divide into 
small particles coated with dirt. A clean alloy can be prepared by agitating 
freshly cut sodium and potassium under slightly wet ether.*?* 

Large bright globules of potassium-sodium alloy may be obtained by 
floating the liquid alloy, previously prepared by melting sodium and potassium 
under kerosene, in a benzene-ethyl alcohol mixture and adding pieces of clean 
sodium and potassium till a globule of the desired size is obtained. The 
alloy so produced is free from dirt.*?” 

When potassium compounds such as potassium hydroxide or the halides 
react with sodium, reduction is incomplete and a potassium~sodium alloy is 
produced the composition of which depends on the composition of the fused 
mixture of potassium and sodium compounds.***? © 

Rinck and his collaborators have made a study of equilibria of the type:- 
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KX +Na =NaxX+K 


over a wide range of temperature and concentration. *°The equilibria 
between potassium and sodium and their hydroxides and halides have been 
investigated and figures derived for the respective equilibrium constants are 
shown in Table I. 


33,334, 34,36 


TABLE I.- EQUILIBRIUM CONSTANTS FOR THE REACTION 
KX + Na = NaX+K 


Radical x Equilibrium Equilibrium 
Temp. Constant 


Hydroxide | 400—700°C. 
Fluoride | 1000°C 
Chloride 800°C 
| Bromide 800°C. 
Iodide 800° Cc. 


The most favourable reaction for producing potassium is KF + Na = NaF 
+ K, but it will be seen that in every case the product is not pure potassium 
but a potassium=sodium alloy of which the potassium content varies according 
to the concentration of the potassium compound in the fused salt phase at the 
equilibrium temperature. 

A study of this equilibrium by the electrolysis of fused sodium hydroxide- 
potassium hydroxide mixtures gave rather different values for the equilibrium 
constant.*° In the original Treatise (Mellor,II,448) it is stated that potassium 
can be obtained by melting metallic sodium and potassium hydroxide together 
in the absence of air, sodium oxide being formed, while potassium distils 
from the mixture and hydrogen is also evolved. Rinck, however, claims that 
under the conditions of his experiments the secondary reaction:- 


Na + NaOH—Na,0O + %4H.,, 


does not take place.°° Potassium reacts with potassium hydroxide at tempera- 
tures above 550°C.,*° but in a sealed tube and in an atmosphere of hydrogen, 
evolved by reaction of the alkali metal with the water always present in the 
hydroxide, this reaction also will not interfere with the equilibrium.*° 

The reaction of potassium compounds such as the hydroxide or the halides 
can therefore be conveniently employed for the preparation of potassium= 
sodium alloys. These alloys are also discussed in Chapter II (see pages 316,320). 

A patent describes the preparation of a liquid alloy consisting of potas- 
sium, sodium and mercury in the atomic ratio 3, 14, and2 respectively. 23g. 
of sodium and 40g. of potassium are heated under toluene, and the resulting 
alloy diluted to 16 times its volume by the addition of an amalgam produced 
by adding 11g. of potassium to 100g. of 40% sodium amalgam under toluene.**? 
Alloys of potassium with lead or mercury are formed when a lead or mercury 
salt is treated with a solution of a potassium addition ‘compound of an organic 
substance such as potassium naphthalene.*®? 

Potassium=sodium=lead alloys have been prepared by the action of metal- 
lic sodium on molten potassium chloride** or iodide** in the presence of molten 


lead. 


36 


ELECTROLYSIS OF SOLUTIONS OF POTASSIUM 
COMPOUNDS IN NON-AQUEOUS SOLVENTS 


The electrolysis of solutions of potassium compounds in non-aqueous 


Refs. p. 1489 


430] PREPARATION 1485 


solvents might be expected to lend itself to the production of the metal in the 
laboratory more readily than the electrolysis of fused compounds, which is 
generally difficult to carry out on a small scale. Direct electrolysis of 
various hon-aqueous solutions of potassium compounds does not appear to be 
very satisfactory, however, and the best results are obtained with processes 
which make use of a liquid potassium amalgam anode.*?**? 

Ewan has patented a process for obtaining potassium by electrolyzing a 
solution of potassium iodide in liquid ammonia using a copper cathode and a 
liquid anode consisting of an amalgam containing 0:05% of potassium.*** 
The electrolysis is carried out at normal pressure, the solution being held at 
a temperature below its boiling point. The potassium deposited at the cathode 
dissolves in the liquid ammonia to form a separate liquid phase which is 
withdrawn and evaporated at normal pressures to give spongy potassium, 
which is then recast by melting it at as low a temperature as possible and 
pouring into suitable moulds. It is claimed that by using a dilute solution of 
potassium iodide the formation of potassium amide is avoided. The cell must 
be constructed of materials not readily attacked by potassium or ammonia, 
and ebonite, glass, enamelled iron and copper are recommended. 

The preparation of potassium by electrolysis of a solution of potassium 
amide in liquid ammonia using a potassium amalgam anode has been paten- 
ted, 7558 

According to a patent, potassium can be produced by the electrolysis of a 
solution containing an anhydrous salt of the metal in anhydrous ammonia and 
methylamine, ethylamine, or pyridine. The concentration of salt in the elec- 
trolyte should be greater than 2 molar, and the resulting potassium can be ob- 
tained as a colloid, suspension, paste or deposited metal depending on the 
salt concentration. The cell should be refrigerated to avoid excessive loss 
of ammonia at atmospheric pressures.**” 

The electrolysis of a solution of potassium iodide in anhydrous ethylene- 
diamine, using a potassium amalgam anode, has been recommended as a 
simple laboratory method for the preparation of potassium in yields varying 
from 70% to 98%. No experimental details are given, but the preparation of 
sodium under similar conditions is- described.*’ 

When solutions of potassium chloride or bromide in nitrobenzene solutions 

-of aluminium chloride or bromide are electrolyzed small amounts of potassium 
are deposited at the cathode, though when benzene is the solvent no potassium 
is obtained.** Small quantities of potassium have also been prepared by the 
electrolysis of a solution of potassium iodate in phosphorus oxychloride over 
several days using a current of 0-01 amp. at 110 v.”° 

The electrolysis of a solution of potassium thiocyanate in pyridine yielded 
no potassium when a platinum cathode was used, but when a mercury cathode 
was substituted potassium amalgam was obtained.” 

More recently however, other workers have succeeded in preparing small 
amounts of potassium by electrolysis of solutions of potassium iodide, and 
also potassium thiocyanate, in pyridine. The metal so obtained was amor- 
phous and probably impure.**? | 

The electrolytic deposition of potassium from solutions of potassium 
salts in liquid sulphur dioxide has been studied.5”** 

The thiocyanate is one of the few potassium salts easily soluble in 
liquid sulphur dioxide, and the solution conducts electricity readily. 
Electrolysis of such solutions with platinum electrodes gives a light coloured 
deposit at the cathode which darkens on removal from the solvent but does not 
appear to contain any free potassium.®* Similarly the electrolysis of solutions 
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of potassium iodide in sulphur dioxide does not yield potassium but unstable 
potassium compounds.°* Potassium iodate is only sparingly soluble in 
sulphur dioxide and the solutions are not good conductors. Electrolysis of 
such solutions at high voltage over a long period failed to yield any potas- 
sium,** and a similar result was recorded with potassium chlorate and potas- 
sium ferricyanide.°* The electrolytic deposition of potassium from non- 
aqueous solutions at normal temperatures has been discussed.°*? 


ELECTROLYSIS OF FUSED POTASSIUM COMPOUNDS 


Little work has been done on the electrolysis of fused potassium com- 
pounds in the laboratory. The Castner process has, however, been applied to 
potassium by von Hevesy (Mellor,II,448) who electrolyzed potassium hydroxide 
on a small scale in a modified Castner cell at about 330°C. and obtained 
potassium metal at about 55% current efficiency.°*"**4 

According to a patent,°* the secondary reaction which occurs during the 
electrolysis of fused potassium hydroxide, whereby the liberated hydroxyl 
ions combine to form oxygen and water with a consequent marked decrease in 
current efficiency owing to the water reacting with the metal produced by the 
electrolysis (see also page 336), can be suppressed by the presence of an 
auxiliary potassium salt able to combine with the hydroxyl ion to reform the 
compound undergoing electrolysis, with the simultaneous production of gaseous 
products, such as ammonia, inert towards the molten electrolyte. A suitable 
auxiliary salt is potassium amide. A similar improvement in current efficiency 
is obtained when fused potassium nitrate is electrolyzed in the presence of 
fused potassium carbonate or potassium amide. 

According to another patent a similar result may be achieved by carrying 
out the electrolysis at a temperature not exceeding 450°C. in the presence of 
15—42 mol.-% of potassium bromide or iodide.*® In order to reduce the loss of 
potassium which results from reaction with water and oxygen at the cathode 
during the electrolysis of a fused mixture of potassium hydroxide and iodide, 
it has been proposed to pass a portion of the fused electrolyte continuously 
into a separate zone, which is heated to a temperature above that of the elec- 
trolysis zone, in a counter-current of dry air, thus vaporising dissolved water 
from the electrolyte before it is recycled for electrolysis.*°* 

A miniature cell designed for the preparation of alkali metals from small 
amounts of alkali salts has been applied to the preparation of potassium from 
fused potassium chloride. The electrolysis is carried out in a graphite 
container which also acts as anode, using an Alundum diaphragm and a stain- 
less steel cathode. The charge consists of about 35=40 g. of potassium 
chloride, and about 40% of the potassium content of the chloride is readily 
-recovered as. metal. Considerably smaller amounts of potassium chloride can 
be electrolyzed satisfactorily, however, and the method is recommended for 
obtaining small quantities of the metal from compounds of isotopes of potas- 
sium.*” 

Small amounts of potassium have been successfully prepared in the 
laboratory with a current efficiency of 90-95% by the electrolysis of fused 
potassium cyanide, which may also contain potassium chloride, using a 
graphite anode and a nickel cathode with a current of 2+5 amp. at 6 V. Cyano-~ 
gen is formed at the anode and may be absorbed in potassium hydroxide or 
carbonate, and the potassium cyanide so formed reutilized in the electrolysis 
after dehydration.** 

Potassium has been prepared by the electrolysis of potassium carbonate, 
in a fused electrolyte containing also a potassium halide, using a graphite or 
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graphitized carbon anode. Electrolysis proceeds satisfactorily with an 
electrolyte which may contain considerably less than 50% of potassium 
carbonate, and it is found that even when the potassium carbonate content of 
the melt falls to 1% or less, no free halogen is liberated at the anode.* 

Another report states that potassium can be prepared in the pure state by 
the electrolysis of a mixture of a potassium halide and an oxygen-containing 
potassium salt, but no details are given.°° The solubility of potassium in 
molten potassium chloride, which is important in electrolytic processes, has 
been discussed® (see also page 1550). 

A Swedish patent describes the preparation of potassium from an alloy of 
potassium with tin or a like metal by electrolysis of a fused bath consisting 
chiefly of potassium borate, the alloy serving as the anode of the cell.® 

In the electrolysis of fused potassium nitrite, which might be expected to 
proceed as follows:- 


KNO, '=>.K + NO,, 


secondary reactions occur and the final products are nitrogen and potassium 
monoxide at the cathode, and potassium nitrate together with a mixture of 
nitric oxide and nitrogen dioxide at the anode.®* The formation of dendrites 
during the electrolysis of glass has been studied.*? 

Cathodic processes occurring in the electrolysis of fused potassium 
chloride, with and without dissolved potassium metal, have been studied.* 

Theoretical aspects of the electrolysis of fused potassium salts have also 
been discussed.™ 


THE PREPARATION OF POTASSIUM ALLOYS BY ELECTROLYSIS 


It has been proposed to prepare potassium by the electrolysis of potassium 
compounds in aqueous solution in the presence of a mercury cathode to form 
an amalgam from which potassium metal is subsequently recovered by distil- 
facion. | 
The preparation of potassium=sodium alloys by the electrolysis of a 
fused mixture of potassium and sodium hydroxide has been studied*® using as 
the cell a rectangular welded iron box, 18 cm. long x 14 cm. wide and 13=14 
cm. deep, lined internally with nickel of a minimum thickness of 0+1 mm., and 
insulated externally with asbestos. The cathode, a pointed rod of nickel or 
copper, is sealed in an inverted crucible of magnesite or high quality fire-clay 
dipping into the fused electrolyte with the rim of the crucible 2 cm. above the 
bottom end of the cathode. The metal and the hydrogen formed at the cathode 
accumulate in the crucible; which has two holes in the bottom to allow the 
hydrogen to escape. The anode is a nickel plate, and the cell operates at 
45—50 amp. and 9=11 V., with a cathode current density of 10-20 amp./cm.’, 
and an anode current density not exceeding 0+5~1 amp./cm.* The reversible 
e.m.f. of the cell was found to be 2:6 V. 

Commercial caustic alkali, containing about 2=3% of water and 2=3% of 
carbonate, is used as raw material, and the mixture of 60% of sodium hydroxide 
and 40% of potassium hydroxide is dehydrated by heating at 400°C. before 
starting electrolysis. In the early stages of electrolysis the optimum operating 
temperature is 220~230°C. but as the electrolyte ages the temperature is 
raised to 240-260°C. It is not advisable to operate at higher temperatures 
than 260°C., and in general the lower is the operating temperature the better 
is the current efficiency. Initially the surface of the electrolyte is clean, but 
as electrolysis proceeds oxides and carbonates of sodium and potassium 
accumulate and eventually crystallize out as a crust on the electrolyte surface. 


Refs. p. 1489 


1488 POTASSIUM 430] 


At the same time a carbonate precipitate, which melts only with difficulty, is 
deposited on the bottom of the cell. 

If the removal of the metal phase from the cell is conducted in a skilful 
manner, however, this surface crust is not harmful. Ladling out of the alloy 
produced by the electrolysis is carried out every 1-1% hours. In order todo — 
this the current is switched off the cell and a circular spoon, perforated with 
small holes, is insertéd under the crucible which is then slowly raised so that 
the metal flows into the spoon. It is found that the electrolyte drains out of 
the spoon, which retains the liquid alloy. An automatic method of removing 
the alloy is discussed. 

As the duration of the run increases,the composition of the fused hydroxide 
and metal phase which is formed by the electrolysis undergoes a change. In 
these circumstances the sodium content of the alloy increases, and this is 
attributed to the fact that the solid phase impurities precipitated from the 
electrolyte tend to contain more potassium than sodium. 

Normally the process runs quietly and the hydrogen liberated at the 
cathode burns with a steady flame after ignition. However, an unpleasant 
feature of the process is the detonation of explosive mixtures which tend to 
form inside the crucible, especially during the later stages of arun. Ingress 
of ‘air is the suspected cause, and the detonations constitute a distinct hazard 
in the immediate vicinity of the cell. With the ageing of the electrolyte iron 
oxides and silica accumulate in the bath. These substances are reduced to a 
black mass at the cathode on which they form a lumpy growth. Because of its 
high resistance, this growth gives rise to severe overheating of the cathode. 
It is therefore necessary to remove the growth periodically and this is done by 
heating the cathode to redness when the growth may be stripped off by means 
of tongs. 

The following figures are given for average current yields obtained during 
prolonged runs:- 


Alloy Composition Average 


% Current 
Na K Ms 
60 40 49 
50 50 38 
40 60 32 
2D us 30 


Factors influencing current yield are discussed, and dimensions are 
given for proposed 100 and 200 amp. cells. A cell for the production of 
potassium-lead alloy by electrolysis of fused potassium chloride in the pres- 
ence of a molten lead cathode has been described.“* The preparation of 
potassium-lead alloys by dissolving lead in amalgam produced in an electro- 
lytic cell with a mercury cathode, and then removing the mercury by distilla- 


tion, has been patented.™? 
Potassium=sodium=lead alloys have been prepared by electrolyzing a 


fused mixture of sodium and potassium chlorides with a molten lead cathode,*” 
and by using fused mixtures of potassium chloride and barium chloride with a 
cathode of molten tin, antimony or bismuth, alloys of these metals with potas~- 
sium and barium have been obtained.” 

Potassium amalgam has been prepared by the electrolysis of aqueous 
solutions of potassium hydroxide®’ and potassium chloride®”®**? in the presence 
of a mercury cathode. 


The preparation of potassium amalgam by the electrolysis of aqueous ~ 
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solutions of potassium chloride using a mercury cathode is also discussed in 
Supplement II, Part I, page 316. 


References 
1 Hughes, A. L.& Poindexter, F. E., Phil. Mag., 1925,50,423-39. (19,3184) 
2 Suhrmann, R. & Clusius, K., Z. anorg. Chem., 1926, 152, 52-8. (20,1962) 
3 Audrieth, L.F., Chem. Rev., 1934,15,169- 224, (29, 700) 
4 Petrov, B. A.&Ormont, B. F., J. Appl. Chem. U.S.S.R., 1935,8,1330-6. (30,5371) 


5 Ormont, B. F. & Petrov, B. A., Monatsh., 1936,68,171. (3.153260) 


6 Hackspill, L. &Pinck, H.J., Bull. Soc. Chim., 1931,49,54-70. (25,4193) 
6a Shushunov, V. A.& Pavlov, A.M., Doklady, 1953,89, 1033-6. 49, 12788) 
7 Kroger, C.& Fingas, E., Z. anorg. Chem., 1933, 212, 269-83. (27, 4186) 


8 Pinck,-H. J., Theses présentées a la Faculté Hee Gorenees de l’Université 
de Strasbourg, 2-5-1928. 


9 Hackspill, L. & Staehling, C., B.P. 148,122, 9-7-1920. (Ch. 15 1) 
10 Freeman, H., U.S.P. 1,319,148, 21-10-1920. (T4101) 
10a Mathieu, F., U.S.P. 2,813,017, 12-11-1957. (52,1031) 
10b Pechiney Compagnie de Prod. Chim. et Electrometall., F.P. 1,110,937, 

3-9-1954, 
Pechiney Compagnie de Prod. Chim. et Electrometall., B.P. 773,940, 
1-5-1957. (517,411227) 


Pechiney Compagnie de Prod. Chim. et Electrometall., Australian P. 


209,799, 3-9-1955: 


Pechiney Compagnie de Prod. Chim. et Electrometall., D.R.P. application, 


Te OI3 5077/97 (40, 
11 Lautié, R., Bull. Soc. Chim., 1947,974-7. (42,2214) 
12 Gel’d, P. V., MikulinskiY, A. S., Polyakova, M.S. & Selyanskil, A. P., 

ibs ‘Appl. Cem U.S.S.R., 1947,20,800-8. (42,4478) 
13 Smatko, J.S., FIAT Final Report, No. 695, 14-1-1946. 
14 Hackspill, L. & Grandadam, R., Ann. Chim., 1926,5, 218-50. (20,2103) 
15 Hackspill, L. & Pinck, H.J., Bull. Soc. Chim., 1931,49,54-70. (25,4193) 
15a Cooper, H.S., U.S.P. 2,810,635, 22-10-1957. (52,1030) 


16 de Boer, J. H., Clausing, P. & Zecher, G., Z. anorg. Chem., 1927,160, 128-32. 


(21,1600) 
17 Matignon, C. &Marchal, G., Compt. Rend., 1927,184,715-7. (21,1940) 
18 Hackspill, L., Helv. Chim. Acta, 1928,11,1003+26. (23,1072) 
19 Buou, M., Bull. Soc. Chim., 1923,33,994-5. (17,3296) 
20 Hackspill, L. & Grandadam, R., eee Rend., 1925,180,68-70. C19 192) 


21 de Boer, J. H., Broos, J. & Emmens, 


2% Gnoreg, Chem., 1930,191, 113-20. 


(24,4475) 
22 Farbenind., I. G,, F.P. 660,529, 17-9-1928. (24, 209) 
23 Farbenind., I. G., F.P. 658,508, 2-8-1928. (23,5282) 
24 Farbenind., I. G., D.R.P. 500,331, 6-8-1927. (24,4362) 
25 Busch, W. &Noack, E., U.S.P. 1,818,881, 11-8-1931. (25,5524) 
26 Farbenind., I.G., B.P. 317,031, 9-5-1928. (24,1945) 
27 Villard, P., Compt. Rend., 1931,193,681-5. (26,3449) 
28 B. 1. duPont de Nemours & Co., B.P. 590,274, 147-1947, (42, 331) 
29 Kraus, C. A., Lehmann, A.S., Morris, C. L. & Witschonke, C.R., 
U.S.P. 2,424,399, 22-77-1947. (41,6031) 
30 Bowe, L. E., U.S.P. 2,484,266, 11-10-1949. (44,2188) 
Prereacock, S.,; U.S.P. 1,531,623,°31-3-19 25. (19,1618) 
32 Lavoisier, H., F.P. 802,579, 8-9-1936. (37.4753) 
32a Midgley, T. & Henne, A. L., Ind. Eng. Chem., Anal. Ed., 1929,1, 15. (23,2626) 
32b Birmingham, J. F., Ind. Eng. Chem., Anal. Ed,, 1935,7,53. (29,1731) 
33 Hackspill, L.&Rinck, E., D.R.P. 491,626, 27- 6-1928. (24,2420) 
33a Hackspill, L. & Rinck, E., EP. 639; 218, 8-8-1927. (23, 594) 
34 Hackspill, L. & Rinck, E., ‘Compt. Rend., 1927, 185, 463-5. (21,3527) 
eos oll, H.F., J. Phys. Chem., 1928,32,467-70. (22,1890) 
36 Rinck, E., Ann. Chim., 1932,18,395-531. (27, 1806) 
36a Doptoglon, D.D., U.S.P. 2,806,785, 17-9-1957. (52,1910) 
366 Scott, N.D.& Walker, J. F., U.S.P. 2,177,412, 24-10-1940. (34, 974) 


1490 POTASSIUM 430] 


37 Rinck, E., Ann. Chim., 1945,29, 444-62. (40,3045) 
38 -Thurm,; Rs, US. h. J,872,041, 16-60-1938). (26,5902) 
39 le Blanc, M. & Weyl, O., Ber., 1912,45,2300-15. ( 7,2167) 
39a Kroll, W.J., Adv. in Chem. Ser., 1957,19, 138-154. (51,14215) 


39b Anon., Chem. Trade J., }955,136,563. 
39c Sittig, M., Chem. Eng. Prog. Symposium Ser., 1957,53,No. 20,35-41. (51,16235) 
40 Baimakov, Y. V., Trans. Leningrad M.I. Kalinin Polyteck. Inst., 1942,124-38. 


(41,3377) 
41 Jellinek, K.& Tomoff, G., Z. phys. Chem., 1924,111,234-40. (19,1084) 
42 Crahan, P.E., Moulton, S. A, &Seavoy, G.E., U.S.P. 1,961,135, 5-6-1934. 
(28,4691) 
43 MacMullin, R.B., Chem. Eng. Progr.,. 1950,46,440-55. (44,9884) 
44 Ewan, T., B.P. 218,606, 3-4-1923. (19, 444) 
45 Ewan, T., B.P. 218,563, 3-4-1923. (19, 444) 
46 Vingee, R. A. & Lawrence, C.K., U.S.P. 2,315,830, 6-4-1943. (37,5320) 
46a Vingee, R. A. & Lawrence, ©.K., Canad. P. 425,352, 30-1-1945. 
46b Minnick, L. J. & Presgrave, C., U.S,P. 2,615,838, 28-10-1952. (47,3154) 


47 Putnam, G. L. &Kobe, K.A., J. Amer. Electrochem. Soc., 1938,74,609-23.(32,5707) 
48 Plotnikov, V. A. & Gorenbein, E. Y., Mem. Inst. Chem. Acad. Sci. U.S.S.R., 


1936,3,471-87. (31,7765) 
49 Klochko, M.A., J. Appl. Phys. U.S.S.R., 1936,9,420-33. (32,8952) 
50 Cady, H. P.& Taft, R., J. Phys. Chem., 1925,29, 1058-74. (19,3415) 
51 Muller, R., Holzi, F., Pontoni, A. & Wintersteiner, O., Monatsh., 1923,43,435. 
(18,1229) 
5la Mandell, H.C., McNabb, W.M.&Hazel, J. F., J. Electrochem. Soc., 1955, 
102, 263 - 268. (50, 89) 
52 Centnerszwer, M.& Drucker, J,, Z, Elektrochem., 1923,29,211. (17,2837) 
53 Cady, H. P.& Taft, R., J, Phys. Chem., 1925,29, 1075-84. (19,3416) 
53a Pospekhoy, D.A., J. App]. Chem. U.S.S.R., 1954,27(5),513-517. (50,2321) 
53b Pospekhoy, D.A., Zhur. Prikladnoi Khim., 1954,27,552-557. (48, 10453) 
54 von Hevesy, G., Z. Elektrochem., 1909,15,529 -36. (a3; 27t) 
54a Eger, G., Handbuch der Technischen Elektrochemie, Bd. III, Leipzig, 1955, 
p. 556. ' (50,3124) 
55 Moltkehansen, I. J., U.S.P. 2,150,289, 14-3-1939. (33,4531) 
56 Bente, P.F., U.S.P. 643,002; Official Gaz., 1950,638,288. (45,7898) 
56a Dobrovolny, F.J., U.S.P. Appl. 642,936; Official Gaz., 1950,637,1575-6. : 
| (46,1895) 
57 Baker, P.S., Wells, G. F.& Rathkamp, W.R., J. Chem. Educ., 1954,31,515-8. 
(49,3694) 
58 Tzentnershver, M. &Szper, J., Congr. Intern. Elec. Paris Sect. 7, Rapport 
No.4,4pp.; Sci. Abstr., 1932,35B, 705-6. (27,2625) 
59 Moltkehansen, I. J. & Eger, G., Natrium, Kalium, Lithium, Rubidium und 
Caesium, 127pp., Leipzig. (28,5774) 
Englehardt, V., Handbuch der technischenElektrochemie, Bd. III, Elektro- 
lyze im Schmelzfluss, pp. 120-1, Leipzig. (28, 49) 
60 Thilenius, R., Z. Elektrochem., 1931,37, 740-2. (25,5852) 
61 Cubiciotti, D., J.A.C.S., 1949,71,4119-21. (44,6713) 
62 Stalhane, J.B. & Pyk, S.C., S.P. 72,878, 13-10-1931. (27,3147) 
63 Tzentnershver, M.&Szper, J., Bull. Intern. Acad. Polonaise, 1931A,352-63. 
(27,5 8aer 
63a Markin, B.I., Zhur. Obshchei Khim., 1952,22,1093-1101. (48 , 2496) 
Balygin, Y.& Plashchinskii, N.T., Zhur. Fech. Fiz., 1955,25, 1670-1672. 
, (50, 91) 
636 Suski, L., Bull. Acad. Polon. Sci. Classe III, 1957,5,743-750. (52, 928) 
64 Angel, G., Tek. Tid., 68, Uppl. C, Kemi, 1938,73-9; Met. Abstr. (in Metals 
& Alloys), 1939,10,No. 2,83, (33,5745) 


64a Padgitt, F.L., U.S.P. 2,742,418, 17-4-1956. (50,9187) 
64b Solvay et Cie, B.P. 752,273, 25-5-1954. : 
Solvay et Cie, F.P. 1,101,568, 7-10-1955. 


65 Jellinek, K. & Czerwinski, J., Z. phys. Chem., 1924,110, 192-236. (17,2993) 
66 Jellinek, K. & Wolff, J., Z. anorg. Chem., 1925,146,329-87. (19,3410) 
67 Knobel, M., J.A.C.S., 1923,45, 70-6. (17, 669) 
68 Dony-Hénault, O. &de Jaer, A., Compt. Rend., 1937,204,1176-8. (31,4211) 


68a Nakamura, J., Yokota, N. & Yamasaki, T., J. Chem. Soc. Japan, Ind. Chem. 
Sect., 1954,57, 185-7. (49,1955) 


4302 PREPARATION 1491 


TEE MANUFACTURE OF POTASSIUM 


Potassium has but limited uses, and its manufacture has accordingly been 
restricted to a comparatively small scale. No figures appear to be available 
for the world production of the metal, but in 1949 the production in the United 
States was estimated as 25 tons, with an estimated potential production of 
several thousand tons.’ 

Rather surprisingly, the established method of manufacture of potassium 
is a thermal process, and not an electrolytic route such as is used in the case 
of the other common alkali metals sodium and lithium. In this connexion it is 
interesting to contrast the striking developments which have taken place in 
the manufacture of sodium from fused sodium chloride in the last thirty years, 
with what seems an almost complete lack of progress in the production of 
potassium by electrolysis. Three reasons have been given for the lack of 
success of electrolyte techniques in potassium manufacture’? (a) Potassium 
has a comparatively high vapour pressure at cell operating conditions, and 
this gives rise to undesirable metal mist formation in the electrolyte. (b) 
Corrosion is troublesome at temperatures around the melting point of potas- 
sium chloride, and eutectics which would enable electrolysis to be carried 
out at substantially lower temperatures have not yet been developed. (c) 
Potassium reacts more easily with oxygen than does sodium, and cell designs, 
such as the Castner cell, which are satisfactory for sodium, do not provide 
adequate protection from atmospheric contamination. A-possible explanation may 
also be found in the small tonnages of potassium required for commercial pur- 
poses. Most processes using fused electrolyte baths, such as are likely to be ap- 
plicable to the manufacture of potassium, require a substantial output for ef- 
ficient operation, whereas thermal processes lend themselves much more 
readily to the production of comparatively small tonnages. 


MANUFACTURE BY CHEMICAL REACTION 


The Griesheim Process. 

Potassium was manufactured at Griesheim in Germany up to the end of the 
1939-45 war when the plant was shut down. It is not known whether manu- 
facture has been restarted.” The metal was produced by the thermal reduction 
of a mixture of potassium fluoride and calcium carbide at normal pressures at 
a temperature of 1000-1100°C. according to the equation:- 


2K FE. + CaC, — Cak, +'2C + 2K, 


The reduction is carried out in a heat-resisting chromium=nickel steel 
retort, resembling a large test tube approximately 1 ft. in diameter and 4 ft. 
long with walls ' in. thick. The retort is fitted with a removable cover 
Carrying a 2 in. diameter outlet pipe discharging under oil in areceiver. The 
retort is heated in a coal fired furnace. 

The operational procedure is as follows. Dried lump calcium carbide, 
ground to a fine powder in a ball mill in an inert atmosphere of carbon dioxide 
and then thoroughly mixed with potassium fluoride, is loaded into the retort 
and heated to 1000-1100°C. It is not necessary to briquette the mixture. 
During the heating up period gases evolved from the reaction mixture pass out 
of the retort via the discharge pipe and bubble through the oil. These gases 
frequently burst into flame spontaneously as they emerge from the oil and 
come in contact with the air. 

When the evolution of gas ceases and potassium begins to distil over, the 
old oil receiver is withdrawn and a fresh receiver charged with a clear heavy 
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oil mixture is substituted, so that the progress of the distillation may be 
watched. The reaction is coneiered to be finished when no more potassium 
distils over, and the retort is then allowed to cool. The potassium is then 
ladled out of the receiver and cast into ingots of a suitable size under oil. 
When the retort is cool the contents, a mixture of crude calcium fluoride and 
carbon, are removed and disposed of as waste. The retort is then recharged 
and the cycle repeated, the total batch time being about three days. 

The plant at Griesheim consisted originally of two retorts each producing 
about 17 kg. of potassium per batch, with a total plant capacity of about 0-8+ 
1-0 metric tons per month. The actual production was about 5~G6 metric tons 
per year. In 1946, however, a newly built plant was available consisting of 
three furnaces, each retort having an output of 34 kg. of potassium per batch, 
and the design of the plant was such that three runs per retort could be carried 
out per day. 

Metal made by this process has a potassium content of 99+7-99. 3% and 
contains small quantities of sodium, calcium and magnesium as impurities. 

A number of modifications and improvements in this process have been 
suggested;?*> among them the use of silicon as a reducing agent in place of 
calcium carbide. This reaction requires the presence of lime to combine with 
the silica produced by the reduction:- 


4KF + 4CaO + Si > 2CaF, + 2Ca0,SiO, + 4K. 


The process has the advantage of giving molten end products, whereas the old 
method did not give a melt at the operating temperature of 1000~1100°C.; 
moreover, the solidified calcium fluoride-calcium silicate mixture is easily 
friable, for the melt increases in volume on solidification and crumbles 
easily because the calcium silicate passes from B- to y-silicate. This 
favours easy discharge of the retorts. 

The substitution of the comparatively cheap potassium carbonate and 
silicate for the expensive potassium fluoride has also been investigated. 
Reduction then proceeds as follows:- 


2K,CO, + 6CaO + 3Si —> 3(2Ca0,SiO,) + 2C + 4K 
2K,SiO, + 6CaO + Si — 3(2CaO,SiO,) + 4K. 


When carbonate is used, the presence of residual moisture in the reactants, 
particularly in the calcium oxide, may result in the formation of an explosive 
mixture of gases, and rigorous drying of the raw materials is therefore essen- 
tial. With potassium silicate, however, the yield is no less and no explosive 
gas mixtures are formed; moreover, gas evolution in the initial stages of the 
reaction is much reduced, thus limiting the carry-over of dust particles which 
clog the outlet tube. 

Laboratory tests show that the lime used must contain at least 90% of 
calcium oxide. The principal impurities present were the oxides of aluminium, 
iron, magnesium and silicon, and of these alumina is particularly deleterious 
because it causes the particles of calcium oxide to become encased in a hard 
semi-sintered shell which hinders the reaction with silica and so reduces the 
yield of potassium. An excess of about 1-5 times the stoicheiometric amount 
of calcium oxide is advantageous, as this favours completion of the reaction 
and also makes the residual waste friable. When silicon is used in place of 
calcium carbide as the reducing agent, the reactions begin at a lower tempera- 
ture but require a higher final temperature for completion. 


Reduction and Fractional Distillation. . 
A number of patents describe the manufacture of metallic potassium by the 
reduction of a potassium compound with sodium, followed by fractionation of 
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the resulting potassium=sodium alloy to obtain pure potassium.*° 

What is described as substantially pure potassium may be prepared by the 
action of sodium on a molten potassium compound at a temperature above the 
boiling point of potassium but below that of sodium, i.e. at 760=880°C., in a 
vessel provided with a fractionating column. The mixture of sodium and 
potassium vapour formed bythe reaction passes into the column, where cooling 
at the upper end causes partial condensation that provides a reflux liquid. 
When the temperature of the uncondensed vapour leaving the column does not 
exceed 760°C., the product is pure potassium; if, however, the temperature of 
the escaping vapour rises to 780°C. the product contains about 85% of potas- 
sium and 15% of sodium.* 

Potassium chloride is a cheap potential source of potassium and therefore 
a very desirable raw material. A process has been patented whereby sodium 
reacts with molten potassium chloride to yield a mixture of sodium and potas- 
sium vapour, which on fractionation gives pure potassium which may then be 
burned to yield potassium tetroxide. The three stages of the process are 
combined in a single continuously operating unit with a capacity of 3~5 tons 
of potassium tetroxide per day, equivalent to approximately 1%+2%4 tons of 
potassium metal per day.°® 

It has been found also that the reduction of a potassium compound, such as 
potassium chloride or carbonate, may be carried out in the solid state by 
sodium vapour under reduced pressure, the resultant mixture of potassium and 
sodium vapour being fractionated as already described. Obviously the 
reaction temperature must not exceed the melting point of any eutectic mixture 
that may be formed by the reduction, so that in using potassium chloride the 
reaction temperature must not exceed 664°C., the melting point of the potas- 
sium chloride=sodium chloride eutectic. It is claimed that this process 
gives a product containing 98-99% of potassium and that the consumption of 
potassium chloride approaches that required by the equation:- 


KCl + Na—NaCl + K. 


Other Thermal Processes. 


There has been some revival of interest in the use of carbon as. a reducing 
agent for the manufacture of potassium, but there is no evidence that any of 
the thermal processes described below are operated on a commercial scale. 
| As was said earlier (see page 1477) the reduction of potassium compounds 
| such as potassium carbonate with carbon suffers from the disadvantage that 
under certain conditions an explosive potassium carbonyl may be formed by 
reaction between potassium and the carbon monoxide formed as a by-product 
of the reduction, and for this or for other reasons the process has become 
obsolete. Patents have however been granted for a method of producing potas- 
/sium in which potassium sulphate or chloride is mixed with a non volatile 
base, such as calcium oxide, and a reducing agent such as coke, and then 
heated in an induction furnace in an inert atmosphere at a temperature at which 
the liberated potassium distils off. The metal may then be recovered by con- 
densation.** : 
Reducing potassium hydroxide with carbon at low pressure, Pinck obtained 
yields of over 90% of potassium at 900°C., and claims that this method is 
likely to have considerable advantages over the now obsolete industrial 
method of operation at normal pressures. He points out, however, that the 
experimental work was carried out on a very small laboratory scale, and that 
it will be necessary to ascertain that satisfactory yields can be obtained on a 
technical scale.* The preparation of potassium by the reduction of molten 
potassium hydroxide with carbon at 800—960°C. while a stream of hydrogen or 
inert gas is passed through the mixture has been patented. 
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An apparatus has been patented for the production of alkali metals such as 
potassium by reducing the carbonate or hydroxide with carbon at low pressure, 
the potassium vapour being condensed by cooling means placed between the 
reaction vessel and the pumps. **° 

Another method uses as reducing agents carbon or ferrosilicon under a 
pressure of at least 0-5 atm. at a temperature sufficient to form potassium 
vapour. The vapour is then expanded to a pressure of 0+4=4-0 mm. mercury 
and chilled by bringing it in contact with a substantially non-volatile molten 
metal absorbent,-such as lead, from which the potassium is later recovered by 
distillation. Other quench liquids such as volatile metals miscible with 
potassium, molten salt mixtures and heavy oils may be used.** 

In a more recent process, the mixture of potassium vapour and carbon 
monoxide produced by the reduction of a potassium compound, such as potas- 
Sium carbonate, with coke is carried forward from the reaction vessel by means 
of a current of nitrogen and passed up an absorption tower containing molten 
tin distributed as discrete drops throughout a mass of granular refractory such 
as silicon carbide. The potassium is desorbed from the tin by a reverse flow 
of nitrogen.'?? 

A patent describes the preparation of potassium by smelting potassium 
silicate together with an iron-bearing material such as iron or iron oxide, and 
a solid carbonaceous reducing material, in an electric furnace. The potas- 
sium Silicate is reduced to give potassium metal and ferrosilicon. The potas- 
sium volatilises and may be suitably condensed.'!” 


MANUFACTURE OF POTASSIUM AND POTASSIUM ALLOYS BY ELECTROLYSIS 


Little information is available as to the electrolytic production of potas- 
sium on the commercial scale. 

An electrolytic process for the manufacture of potassium metal was former- 
ly in operation at Rheinfelden in Germany, but has now been superseded by a 
thermal route.” It was found that when the electrolysis was carried out in 
a Castner cell using an electrolyte consisting of 66% of potassium hydroxide, 
19% of potassium carbonate and 15% of potassium chloride, at about 5 V. and 
1100-1200 amp. potassium metal was produced in a continuous manner. An 
iron cathode and a graphite anode were used. The initial current efficiency was 
40% but this gradually fell to about 10%. After a number of trials an electro- 
lyte consisting substantially of potassium chloride and fluoride, with a small 


percentage of potassium carbonate, was adopted. This electrolyte melted at 


about 600°C. and the presence of even 1% of potassium carbonate was suf- 
ficient to prevent the decomposition of the halogen salts. At a current of 
800-900 amp. at 7 V., current efficiencies of over 50% were attained, with an 
energy efficiency of 100g. of potassium per kWh.?4 

Work done in Russia on the production of potassium-sodium alloys with 
a view to the development of a commercial process has BRcaey been descri- 
bed’? (see page 1487). 

A process has been patented for the preparation of potassium from potas- 
sium amalgam, which may be prepared by the electrolysis of an aqueous solu- 
tion of a potassium salt using a mercury cathode, by extraction with liquid 
ammonia or fused potassium hydroxide to give a solution from which metallic 
potassium may be subsequently recovered.'?2 

There appears to be no record of the manufacture of potassium or potassium 
alloys by the electrolysis of fused salt mixtures containing potassium chloride 
in a Downs type cell, using a process analogous to that employed so success~ 
fully on the technical scale for the manufacture of sodium. Likewise no 


evidence has been found that the Ewan process, whereby potassium is made by | 


the electrolysis of a solution of potassium iodide in liquid ammonia using an 
anode of potassium amalgam, has operated on the commercial scale. 
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The manufacture of potassium-sodium alloy in a Szechtman cell by elec- 
trolysis of a mixture of fused potassium and sodium halides, using a molten 
lead cathode, followed by distillation of the resultant potassium-sodium- 
lead alloy to recover potassium-sodium alloy, has been discussed.'?° 

The preparation of potassium amalgam by the electrolysis of aqueous 
potassium chloride solutions in mercury cathode type cells is discussed in 
Supplement II, Part I, page 315. 
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THE PURIFICATION OF POTASSIUM 


Crude potassium contains small amounts of other metals and metallic 
salts, and also products resulting from interaction with the oxygen, water and 
carbon dioxide present in the atmosphere. It has been suggested that the 
purification procedures indicated for sodium may be expected to apply in the 
case of potassium.’ 

It would appear that metal of a high degree of purity can be obtained by 
filtration. Potassium or potassium alloys may be purified by a method, 
attributed to Bunsen, in which the metal, sealed under nitrogen in a glassware 
‘vessel containing a sieve, is heated so that it reacts with any moisture, 
oxygen or carbon dioxide present and is then filtered through the sieve which 
retains any carbonate or hydroxide.” The same principle is applied in the 
purification of potassium by filtering the molten metal through a small orifice 
in an evacuated system to remove oxide and other impurities which are in- 
soluble or only partly soluble in liquid potassium. * 

It is also said that treatment of commercial potassium with controlled 
amounts of oxygen, followed by filtration at its melting point, will remove 
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alkaline earth metals and will also reduce the sodium content of the metal to 
a low value of <100p.p.m.‘ 

The solubility of potassium monoxide in potassium has been determined 
and is expressed by wt.-% O, = 0°0865—0:0006089t + 0°0000007714t? where 
t = °C. for the range 65—310°C. 

The equilibrium oxide in a potassium-sodium system is exclusively sodium 
monoxide. The solubility of sodium oxide in potassium and sodium-potassium 
alloy has been determined and is expressed as wt.-% O, = 0°0012—0:00000871t 
+ 0°:000000128¢? where t = °C. over the range 50—360°C.*? 

More recent determinations of the solubility of sodium monoxide in potas- 
sium-sodium alloys are also available.*? The solubility of oxygen in the 
range 20-176°C. has been determined using apparatus both of glass and of 
stainless steel.” The results give an indication of the extent to which such 
alloys can be purified by direct filtration. It appears that sedimentation may 
serve to remove insoluble impurities as a patent describes a method whereby 
the impure metal is placed in a steel container with an opening at its lower 
end, and this is then immersed in a molten salt such as potassium chloride, 
which does not react with potassium. It is claimed that impurities in the 
potassium sink to the bottom of the tube while purified potassium rises to the 
top.© It has also been proposed to purify potassium by melting it repeatedly 
in contact with petroleum.® 

The purification of sodium-potassium alloys by means of cold traps is 
discussed elsewhere (see page 358). 

Potassium has also been purified by solution in non-aqueous solvents 
followed by filtration. Thus, it has been proposed to purify potassium by 
dissolving it in liquid ammonia, filtering off the undissolved impurities from 
the solution, and removing the ammonia by evaporation. No figures are 
given, however, for the purity of the metal prepared in this manner.’ 

To achieve a final purification of potassium, vacuum distillation of the 
metal is recommended.*°** Properly controlled high vacuum distillation of 
filtered potassium in the temperature range 200-350°C. is said to reduce to 
negligible proportions such impurities as hydrogen, oxygen, halides, alkaline 
earth and heavy metals, and to give a significant lowering of the sodium con- 
tent,’ but to reduce the sodium content to less than 1 p.p.m. it is necessary 
to subject the potassium to fractional distillation, or to repeated vacuum 
distillation in the presence of potassium oxide.* 

An apparatus for the vacuum distillation of potassium has been described.” 
It is said that when the distillation is carried out in Pyrex glass a highly 
pure potassium is obtained,*°** and that by a triple vacuum distillation the 
iron content of the metal can be reduced to 0+1 p.p.m.”” 

A combined filtration and vacuum distillation unit for the purification of 
potassium has been described. Operating data are given.’** A sampling 
device which also serves to separate potassium or potassium-sodium alloys 
from non-volatile impurities by vacuum distillation has been described. A 
representative sample of the alkali metal is drawn into a metal foil lined 
metal receiver, and removed from its impurities directly in the sampler by vac- 
uum distillation.!?* An apparatus for weighing samples of distilled potassium 
in an inert atmosphere with high accuracy has been devised.’?° 

A simplified procedure for the simultaneous preparation of several small 
samples of twice distilled potassium in Pyrex glass ampoules has been 
described, and it is claimed that commercial potassium can thus be purified 
to give a product which is free from oxide and other contaminants.** Work in 
which potassium was purified by vacuum distillation in an apparatus con- 
structed of glass containing potassium as the only alkali metal gave potas- — 
sium having a value for electrical resistance which indicates that it is purer 
metal than that produced in’ apparatus made from ordinary Pyrex glass.** 
Other glasses resistant to potassium have been described.*° 
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A spectrographic analysis of a sample of sodium-potassium eutectic con- 
taining 78wt.-% of potassium and prepared by the high temperature distilla- 
tion of a mixture of potassium chloride and sodium showed the following im- 
purities:- Fe 20, Cu 20, Si 20, Al 40, Mg 10, Ca 20p.p.m. The following 
elements were not detected: boron, manganese, tin, cadmium, zinc, silver, 
titanium, zirconium, nickel, cobalt, chromium, lead, bismuth and strontium.’*? 


HANDLING AND STORAGE OF POTASSIUM 


Potential hazards associated with the handling and storage of potassium 
and potassium=sodium alloys have already been discussed and it is only 
necessary here to mention fire hazards, decontamination of equipment, dis- 
posal of potassium-rich residues, and protective clothing for personnel hand- 
ling potassium.’°?°? 

Sodium and potassium resemble each other very closely, and broadly 
speaking the precautions outlined in the section dealing with the handling 
and storage of sodium (see page 362) are equally applicable to potassium. 
There are, however, minor differences in the properties of the two metals 
which must be taken into account when dealing with potassium, and these 
have been discussed in detail by Gilbert.** One such difference is that 
potassium forms an explosive compound with carbon monoxide, whereas 
sodium carbonyl apparently is not formed at temperatures likely to be used in 
thermal reduction processes and therefore presents no particular hazard.*® 

The outstanding difference between potassium and sodium, however, 
probably lies in their oxidation products. Sodium in dry oxygen at ordinary 
temperatures forms sodium monoxide, and at higher temperatures substantially 
pure sodium peroxide can be formed. Potassium, however, oxidizes in dry 
oxygen to potassium, tetroxide and this compound can react explosively with 
metallic potassium.*® There have been numerous reports of explosions 
which have occurred while handling potassium, and Gilbert suggests that 
many of these can be attributed to the formation of potassium tetroxide on the 
surface of the metal. It is accordingly recommended that potassium should 
never be allowed to remain in contact with dry air, but should be stored under 
oil or in an inert atmosphere.*® Explosions when handling potassium have 
also been attributed to the reaction of potassium tetroxide, which has formed 
on the surface of the metal, with the hydrocarbon under which the potassium 
has been stored.'*? 

The reaction between potassium tetroxide and hydrocarbons such as 
methyl, ethyl and the higher alcohols, which are frequently used as washing 
media when cleaning alkali metal systems, may be explosive under certain 
conditions, and many instances can be cited where violent explosions have 
resulted fem mixing these materials.'*? While it is true the oxygen is pref- 
erentially absorbed by the sodium in a sodium-potassium alloy system, oxi- 
dation of the potassium may occur on the walls of tanks or equipment where 
small amounts of the alloy are not in contact with the bulk of the liquid metal. 
This oxidation of potassium is also possible on the surface of a layer of mol- 
ten sodium-potassium alloy, where an oxide layer is formed which prevents 
direct contact between the alloy and the top of the oxide layer. Under these 
conditions potassium tetroxide is formed in a sodium-potassium alloy system 
and in these circumstances an explosive reaction may occur when materials 
like methyl and other alcohols are used for equipment cleaning. In all cases 
therefore extreme care must be exercised in the use of alcohols with potas- 
sium or sodium-potassium alloys.'** (See also page 362). 

Potassium is frequently utilized in the form of a potassium-sodium alloy, 
and the resistance of metallic and non-metallic materials to corrosion by such 


) Refs. p. 1498 


1498 POTASSIUM 4303 


alloys has been studied over a wide range of temperature. Much of the in- 
formation given on the resistance of materials to sodium (see page 363) is 
equally applicable to sodium-potassium alloys. An excellent survey of 
the available information is given by Miller.2° Recent engineering experience 
in handling such alloys at high temperatures indicates that a large number 
of ordinary metals of construction can be used successfully as containers.7*? 
A number of stainless steels have given satisfactory service though with 
plain carbon steels at high temperature decarburization frequently occurs. 

Platinum is severely attacked by potassium=sodium alloys at 600°C.” 
and the use of glass containers is not recommended at temperatures above 
250°C.*° Asbestos may be used as packing for sealing static shafts at 
temperatures up to 160°C., but not 205°C.”° Teflon is heavily attacked at 
200°C.*" Ordinary natural or synthetic rubbers disintegrate or lose all 
flexibility, but some silicone rubbers retain flexibility after a 96-hour exposure 
to the alloy at 250°C.”? Graphite is attacked by potassium and its alloys at 
temperatures above 200°C.”° 

In the United States, potassium=sodium alloys are shipped in stainless 
steel containers under an inert atmosphere. Standard material can be supplied 
with oxygen concentrations approaching the solubility of sodium oxide in the 
alloy at room temperature.”? 

Potassium-sodium alloys stored under purified kerosene will remain in the 
bright state for several months.”*? 

The preparation of potassium metal dispersions which are stable against 
settling and agglomeration, and in which the dispersed metal does not ex- 
ceed 50p in size, has been described.** The preparation of colloidal potas- 
sium has been discussed.’’*° |= The information given elsewhere (pages 361 
and 362) regarding the handling and application of sodium in the form of dis- 
persions is likely to be equally applicable to potassium. 
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THE USES OF POTASSIUM 


Potassium can be used for most purposes for which sodium is now employed 
and indeed is somewhat more reactive than sodium.’ Sodium, however, is 
very much cheaper than potassium and consequently the usage of potassium 
is very severely limited. It is of interest to note that the only use for potas- 
sium mentioned in the original Treatise was as a potassium-sodium alloy in 


high temperature. thermometers for use above the boiling point of mercury 


(Mellor,II,470). Potassium metal is now used fairly extensively in.the form 
of a sodium-potassium alloy heat transfer fluid.27?¢ The term ‘NaK’ has be- 
come somewhat widely used to designate such alloys, which are now utilized 
largely in atomic energy work.?" A comprehensive discussion of the problems 
arising from the use of NaK, with details of the design, construction and 
operation of liquid metal heat transfer systems using sodium-potassium al- 
loys is given by Trocki.? 

More recently potassium has been used for the manufacture of potassium 
tetroxide which can serve as a source of oxygen in gas masks.* Metals such 


as antimony, bismuth, chromium, copper, lead and uranium may be prepared by 


reducing their oxidized forms with potassium vapour.* The production of 
metals such as titanium, zirconium, beryllium, molybdenum, tungsten and tan- 
talum by reduction of their respective halides in a fluidised process with 
metallic potassium has been patented.** The preparation of titanium by the 
reduction of titanium tetrachloride with a potassium-sodium alloy has been 
patented,** as has the preparation of metallic powders by reducing a metal- 
lic compound with a potassium addition compound of ethers of polyhydric al- 
cohols such as glycol ether,’ (see page 372). A number of patents cover the 
refining of metals by treatment with potassium.’* Potassium is used as a 
catalyst for the polymerisation of butadiene in the manufacture of synthetic 
rubber.’ 

The amount of potassium used for other purposes is very small indeed. 
The utilization of the metal in electric lamps and discharge tubes has been 
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suggested and methods of introducing the metal into sealed glass tubes have 
been described.*** Metallic potassium coated with an envelope of soda-lime 
glass is used as an anode in a primary cell suitable for delivering very small 
currents.'?* Lead bearing-alloys containing, among other alloying metals, 
1% or less of potassium have been proposed.’* The use of lead-sodium- 
potassium alloys containing about 1% of potassium in place of a lead-sodium 
alloy for the manufacture of tetraethyl lead results in considerably increased 
yields.1* Hydrogen, nitrogen and the inert gases may be purified by bubbling 
them through a liquid potassium-sodium alloy at room temperature in order to 
remove water and oxygen.'*"58 Potassium-sodium alloys are also used as a 
trap for mercury vapour.'®!®° | Miscellaneous proposed uses of sodium-potas- 
sium alloys have been discussed.'*? 
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SECTION XLIV | 


THE PHYSICAL PROPERTIES OF POTASSIUM 
By W.H. WILSON 


Structure, Atomic and Ionic Radii, Etc. 


Hull’ in his early work (1917) on the crystal structure of the alkali metals 
was unable to obtain an X-ray diffraction pattern with potassium using a pow- 
der technique, and it was believed that the metal was completely amorphous. 
In 1922, McKeehan”* obtained weak reflexions - as from large crystals - when 
he studied potassium that had been cast in thin-walled glass tubes and cooled 
to -150°C.; but he reported that the structure did not persist when the tem- 
perature was allowed to rise to about 20°C. Contrary to the experience of the 
earlier workers, Posnjak* obtained normal diffraction effects for potassium at 
room temperature. His results indicated a body-centred cubic lattice with a 
unit cube dimension, or lattice constant, of 5°333 + 0°005A. This corresponds 
to an atomic radius of 231A. Other workers®”’ have since confirmed the body- 
centred cubic structure at room temperature, and the lattice constant at 20°C. 
has been given as 5e31A.° and 532A.” The same structure exists at low 
temperatures:”*°"* values given for the lattice constant at liquid air tempera- 
ture include 5°25A.,°° 5e20A.? and 5°15A.? Goldschmidt’? in 1926 attributed 
the absence of a diffraction pattern in room temperature powder photographs 
for potassium to the existence of single crystals. From Laue photographs he 
reported a tetragonal structure at ordinary temperatures and it was considered 
that at low temperatures the single crystals disintegrated into an aggregate of 
cubic crystals. The tetragonal structure has now, however, been confirmed 
by later work.® ; 

Single crystal rods of potassium have been prepared by allowing the liquid 
metal to cool very slowly in oiled tubes.**** Andrade and Tsien™ did this 
using the same apparatus and technique as was used to prepare sodium single 
crystal rods (see page 377). Smaller single crystals have been produced by 
cooling droplets of the liquid metal.*°*’ Well-defined rhombdodecahedra of 
potassium have been obtained by Neumann and co-workers***’ using a special 
apparatus and the following general procedure. A liquid droplet of potassium, 
having a diameter of about 1mm. and suspended on a thin silver wire in a high 
vacuum, was cooled from the bottom to give a single crystal retaining the outer 
form of the droplet. Then, by condensation of potassium the (110) faces were 
allowed to build up until a complete rhombdodecahedron was formed. In satu- 
rated vapour thin needle crystals of potassium were also found to form. These 
had a rate of growth about 150 times that for notmal potassium crystals. After 
acquiring a length of 0°5 to 0e8mm. the fast growth stopped and the needles 
started to thicken. 

Barrett’® cooled specimens of 99°4% potassium to 1+2°K. and then ex- 
amined them metallographically atO°C. in a search for a spontaneous martensitic 


1501 Refs. p. 1531 


1502 POTASSIUM 4hel 


transformation similar to those found at low temperatures with lithium and 
sodium (see pages 32 and 377). There was, however, no trace of transforma- 
tion markings on the potassium surfaces. Some slip bands appeared as a 
result of differential contraction and expansion of the potassium and the glass 
container, but these were less prominent than in the case of sodium. 

Breaks in the plots of electrical resistance and thermoelectric power 
against temperature were observed by Bidwell’ in the region of -120°C. (see 
Fig. 2, page 151Gand Fig. 4, page 1519). These were taken as indicative of a 
transformation which was thought to be from a crystalline form to an amorphous 
form. | 

A preferential crystal orientation giving rise to a fibrous structure has 
been observed in threads of potassium after thermal and mechanical treat- 
ment.’ 

The rate of crystallization of fused, distilled potassium on cooling below 
its melting point has been studied for various degrees of freedom from oxide.” 
Presence of oxide increases the rate of crystallization. 

Glide occurs in single potassium crystals when they are extended slightly, 
the glide planes being visible as regular and parallel surface markings.**”* 
The spacing of the glide planes is markedly closer at low temperatures than at 
room temperature. At room temperature the glide plane is (123) and the glide 
direction [111]. 

An X-ray study of the structure of liquid potassium was made by Thomas 
and Gingrich** over the range 70° to 395°C. Their curves showing the radial 
distribution of atoms about any one atom in liquid potassium at the two ex- 
treme temperatures are reproduced in Fig. 1: the average density curves are 
included as dotted lines. 


Radial Distribution Function, 41rr’(r) 


FIG. 1. RADIAL DENSITY DISTRIBUTION OF ATOMS ABOUT ANY 
ONE ATOM IN LIQUID POTASSIUM AT 70 AND 395°C. 


At 70°C., the first peak in the radial distribution curve occurs at 464A., and 
the second peak at about 9°0A., whilst at a temperature of 395°C. the two 
peaks are shifted to 4576A. and 9+2A. respectively. At both temperatures, the 
first peak corresponds to an average concentration of about eight atoms sur- 
rounding a given atom. For a few interatomic distances the distribution of 
atoms about a given atom retains a resemblance to that for the crystalline 
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form, but beyond this region the distribution rapidly becomes random, the ran- 
domization setting in at smaller distances for the higher temperature. Lash- 
ko??" has reported the co-ordination number at 100°C. to be ten, and the 
distance between atoms 4:7A. At 300°C. the distance between atoms was 
slightly greater and the co-ordination number dropped to nine. Less detailed 
studies of the diffraction of X-rays by liquid potassium at temperatures just 
above the melting point have been made by other workers.**’** Several theoreti- 
cal treatments of the structure of liquid potassium have appeared.**°? Hilde- 
brand’? used the atomic distribution curves of Thomas and Gingrich”? to 
calculate the ratio of the energies of vaporization of potassium at 70° and 
395°C., while Gingrich and Wall* used the same data to calculate the free 
volume per atom in liquid potassium and, from this, the latent heats of fusion 
and vaporization. In both cases there was fair agreement with experimentally 
determined values. 

There have been a number of theoretical treatments of the binding and co- 
hesion in metallic potassium.**“*** Gorin®* applied the Wigner-Seitz method 
(see page 380) and calculated the binding energy and lattice constant of the 
metal, Agreement between experiment and theory was not as good as in the 
case of sodium. A statistical model of metals, according to which the metal 
is composed of a lattice of positive metal ions and a uniformly distributed 
electron-gas, has been developed by Gombas****? and used to calculate such 
quantities as the lattice energy, heat of sublimation, lattice constant, and 
compressibility of potassium. The lattice energy is taken as the energy of 
the metal electron gas and the interaction energy between the electron gas and 
the positive ions; each of these two quantities can be broken down into 
several component parts and from the final value of the lattice constant the 
other parameters can be derived in a simple way. Fairly satisfactory agree- 
ment with experiment has been achieved. 

On the basis of the observed cation~anion distances in NaF, KCl, RbBr, 
CsI and Li,O, Pauling**** constructed a set of ionic radii in which the potas- 
sium ion was given a radius of 1»33A. Values for the other alkali ions were: 
Lit, 0-60A.; Nat, 0:95A.; Rbt, 1°48A.; Cst, 169A. An earlier treatment 
by Goldschmidt’? also gave 133A. for the radius of the K* ion. Detailed 
accounts of these and other earlier treatments have appeared elsewhere.***° 


Density and Thermal Expansion 


The density of solid potassium at 18°C. has been reported as*® 0°8560 and 
at 20°C. as 0°875.*” X-Ray measurements lead to 0+851 for the room tempera- 
ture density. Low-temperature measurements have given the density as 0-91, 
at 77°K. and 0:92, at 4-2°K.** At 100°K. the density calculated from X-ray 
data is 0°89 and the value at 0°K. has been given as 0+90.° 

From density measurements on liquid potassium between 300° and 600°C., 
Rinck*”®° obtained the equation:- 


d’ = 0°826 - 0°000222(t - 62-5) 


An extrapolation of this line passes exactly through the older value of Hack- 
spill®* at the melting point, and the equation has been used by Rinck from the 
melting point up to 800°-900°C. By combining recent American measurements 
with the older determinations of Hagen®” and Rinck,***° the values of Table I 
have been obtained for the density of liquid potassium.°*** Other recent den- 
sity measur ements’’” between the melting point and 735°C. gave a close fit to 
a straight line; interpolated values at 100°C. and 700°C. were 0+819 and 
0-681 respectively. 

The increase in volume on fusion has been reported as 2°81%*’ and as 
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2°41 %*° or 00274 c.c. per gram. 

Values for the mean coefficient of linear thermal expansion of potassium 
over the range 0° to 95°C. for pressures from zero up to 20,000 kg. /cm.” are 
given in Table II.°%°’ 


TABLE II. - EFFECT OF PRESSURE ON THE 
THERMAL EXPANSION OF POTASSIUM 
Pressure, kg./cm 


. aa 0 | 2,000 | 4,000 | 6,000 | 8,000 | 10,000 
a0 to 95°C) K 107 eBe Bi Ge7 5 1 5e35 ||. Ge2eo | etess 2°6, 
Pressure, kg./cm.? | 12,000 | 14,000 | 16,000 te 000 | 20,000 
a(0 to 95°C.) x 10° | 22, 168 1°5, 13, 1°2, 


Thermal expansion of potassium has been discussed from a quantum 
mechanical standpoint.*”*® 


Mechanical and Elastic Properties 
Bridgman®®°75°*> has studied the effect of pressures up to 100,000 kg./ 


cm.” on the volume of potassium. Table III is based on his more recent ~ 


work .° 


TABLE II.- EFFECT OF PRESSURE ON THE VOLUME 
OF POTASSIUM AT ROOM TEMPERATURE 


|Pressure, kg./cm.? Rel ative volume | Pressure, kg./cm.”? | Relative volume 


40,000 
2, ai 50,000 
5,000 60,000 


10,000 70,000 
15,000 80,000 

20,000 90,000 : 
25,000 | 100,000 a 
30,000 ! & 


The compressions of the five aikali metals are compared in Fig. 1 (see page 
2295). An equation®® for the volume change at 45°C. for pressures up to 12,000 
kg./cm.* needs some revision in the light of later findings.°”°* A erate of 
the compression of the alkali metals at low temperatures has given the figures 
in Table IV for the relative volume of potassium at 4*>2°K 


TABLE IV.- EFFECT OF PRESSURE ON THE 
VOLUME OF POTASSIUM AT 42K. 


Pressure, atmospheres Relative volume Pressure, atmospheres | Relative volume 
ft) , 


AN 
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At 45°C., Bridgman®® gave the initial compressibility of potassium as 
35°6 x 10%? cm.7/dyne. The average compressibility for pressures up to 5 x 
10° dynes/cm. at the same temperature was given as 34°23 x 107? cm.?/dyne 
and that at 20°C. as 3298 x 107%? cm.?/dyne. Recent values*® for the initial 
compressibility of potassium at low temperatures are 29:2 x ee cm.*/dyne at 
77°K. and 284 x 107°? cm. */dyne at 4.2°K. From measurements” of the velo- 
city of ultrasonic waves in liquid potassium (see page 1530), the adiabatic 
compressibility of liquid potassium at its melting point is 36¢2 x 107? cm.7/ 
dyne, and the isothermal compressibility at the same temperature is 40:2 x 
107? cm.?/dyne. 

Theoretical treatments of the compressibility of potassium have been 
given by a number of authors. °7*479©9%40 42,6871 

Bender’® has studied the elastic constants of single potassium crystals at 
low temperatures. Values at -183°C. were C,, = 0°459 x 10**, C,, = 00372 x 
10**, and C,, = 0*263 x 10** dynes/cm. The quantum mechanical calculations 
of Fuchs’”’* have given the following values for the elastic constants of 
potassium at absolute zero: C,, = 045 x 10°*; C,, = 0038 x 10"*; C,, = 0°26 x 
10** dynes/cm. 


Surface Properties 


Older values of around 400 dynes/cm. for the surface tension of potassium 
(Mellor,II,456) have been found to be considerably too high. From recent 
measurements using various experimental techniques it appears that the 
correct value for the surface tension at the melting point lies within +10% of 
95 dynes/cm. By the maximum bubble pressure method, Taylor” obtained 101 
dynes/cm. for the value at the melting point; the temperature coefficient was 
-0°11 dynes/cm./degree. According to Quarterman and Primak,’® who studied 

the capillary rise of potassium in glass at temperatures between the melting 
point and 150°C., the surface tension in the vicinity of the melting point lies 
between 86 and 95 dynes/cm. Using a drop-weight method, surface tension 
values between 110 and 150 dynes/cm. have been obtained.”° These last 
| determinations were considered to be only approximate and there were a num- 
| ber of factors that would be expected to lead:to high values. Other measure- 
-ments®? have given values of 86 to 80 dynes/cm. for the surface tension of 
| potassium in the range between the melting point and 250°C 

| The interfacial tension between potassium ‘crystals and liquid potassium 
-on which no oxide was visible has been given”® as 0°4 dynes/cm. Higher 
values are to be expected for potassium completely free from oxide (cf. page 
385). 

Several theoretical calculations of the surface tension of potassium 
-have been made using modern electronic theories, and the resulting values 
have ranged from** 70 to”? 300 dynes/cm. 
| Potassium at temperatures between its melting point and 150°C. is repor- 
ted’® to wet glass, the contact angle lying somewhere between zero and 26°. 

From the surface tension of metallic potassium a value of 140 to 150 is 
obtained for the parachor. From surface tension data for fused potassium 
/salts the atomic parachor has been calculated®* to be approximately 110. In 
-aqueous solution the atomic parachor of potassium has been obtained as 110 
in salts containing one atom of potassium and 106 in salts containing two 
atoms of potassium.” 


77-82 


Potassium Dispersions and Colloidal Potassium 


Dispersions of potassium in many inert liquids with boiling points above 
the melting point of potassium may be produced by melting potassium under 
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the inert liquid and then agitating vigorously” (see page 386). 

Molecular condensation methods have been applied to the preparation of 
colloidal solutions of potassium.*°°° Metal vapour at a reduced pressure is 
passed into the cooled dispersion medium, or the mixed vapours of the metal 
and the dispersion medium may be condensed onto a cooled surface. Potas- 
sium sols in ether prepared by such methods have a blue colour and have 
proved stable for periods of two to three months.°”** Electrophoretic meas- 
urements have shown the particles to be negatively charged.** Potassium 
iodide is reported to increase the stability and also to increase the migration 
velocity.** Light causes precipitation of metal from the pure sol and precipi- 
tation of a blue gel from the protected sol.*® Potassium | sols in benzene, 
xylene and tripropylamine are reported to be very unstable.** Tomashevskii*’ 
prepared a potassium sol in xylene which had a greenish-blue colour and was 
stable for ten days. Potassium sols in ethylamine have been found to be 
stable for 3-5 hours; in this case potassium is also present in true solution.” 

Ultrasonic waves may also be used to produce colloidal solutions of potas- 
sium.*°?2 Another method that has been described for the preparation of 
colloidal solutions of alkali metals involves introducing into the dispersion 
medium a solution of the metal in liquid ammonia and then evaporating the 
ammonia.”° 


Viscosity 


Measurements of the viscosity of potassium have been made up to 200°C. 
using a glass Ostwald-type viscometer’* and have been extended to 400°C 
using a similar apparatus in nickel.”* Some of the values are given in Table 


Vv 


TABLE V.- VISCOSITY OF POTASSIUM 


Viscosity, centipoise 


Values up to 200°C. can be represented by the equation:- 
nu = 009114 x 10%e728/ T 

and those for the whole range from the melting point to 350°C. by:- 
nus = 09673 x 1073 @7160/ ¥T 


where v is the specific volume, T is in degrees Kelvin, and 7 is in poises. 
An earlier series of measurements using an oscillating sphere method over the 
range from the melting point to 350°C.*° gave results that are in close agree- 
ment with the above at low temperatures, but diverge as the temperature in- 
creases, and are as much as 14% higher at 350°C. This last work included 
measurements at temperatures nearer the melting point where the values were 
0:5256 centipoise at 67:0°C. and 0°5535 centipoise at 642°C. The results 
up to 350°C. were expressed by the equation:- 


nv’ Te 204 5 10°3 @600:0/ vT 
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except within a few degrees of the melting point where high values of 7 sug- 
gest the persistence of a crystal structure. More recent measurements**” 
made between the melting point and 735°C., also using an oscillation tech- 
nique, have given results in accord with the higher values obtained in the 
previous oscillating sphere measurements. Interpolated values of kinematic 
viscosity (v = 7/d) and viscosities derived from them using the same workers’ 
density values are:- 


Temp., °C. 100 200 300 350 400 500325 41600*s 700 
v(centistokes) 0°56 0°43 0236 0°33 0°30 0s27 +23 021 
n(centipoise) O46 0°34 028 0625 0°23 0-20 O16 0014 


Other less precise viscosity measurements’””’® in the vicinity of the melting 


point are also in close agreement with those given above. 
The viscosity of potassium has been related to the binding energy of the 
molecules of the liquid and to the entropy of bond formation.” 


Melting Point and Heat of Fusion 


A value of 63+20° + 01°C. has been reported for the triple point of pure 
potassium, and the melting point at atmospheric pressure has been calculated 
to be 002°C. higher than this.*°° Other values for the melting point have 
included 63+65,*°* 63+35,7°? 62°5,1%47 and 62:1°C.*® The variability in the 
values results, no doubt, from the presence of different amounts of impurity in 
the samples of potassium used. Extrapolation of freezing point data for 
sodium-potassium alloys of high potassium content has given 63*7°C. for the 
melting point of pure potassium.’°** Within the range 92 to 100% potassium the 
freezing point of a Na-K alloy containing x wt.-% of potassium is given by the 
equation:-’°* 


t(°C.) = 63+7 - 3686(100 - x) 


The melting point of potassium increases with increase of pressure and a 
value of 300°C. has been estimated for the limiting melting point at high pres- 
sure."°* Melting point-pressure curves for the five alkali metals are compared 
in Fig. 2, page 2298. The potassium curve is from previously quoted determi- 
nations of Bridgman (Mellor,II,456). It is seen that the melting point of 
potassium exceeds that of sodium at pressures above 9000 kg./cm.” 

Calorimetric determinations of the heat of fusion of potassium have given 
0:568 kg.-cal./g.-atom (equivalent to 14°6 g.-cal./g.)*°? and 59+7 + 1*2 joule/g. 
(equivalent to 143 g.-cal./g.).*° 
Kelley'* in 1936 stated that a satisfactory value for the heat of fusion of 
|potassium was not obtainable from any of the then available freezing point 
data for binary systems involving potassium. The existence in the region 
near 100% potassium of either a eutectic or two immiscible liquid phases pre- 
vents calculation from such data for most binary systems. The systems K-Bi, 
K-Pb, K-Sb, K-Sn and K-Tl1 cannot be employed for the first of these reasons 
and K-Al, K-Cd, K-Li, K-Mg and K-Zn because of the second. 

Relationships between the heat of fusion, the variation of melting point 
with pressure, and the volume change on fusion have been discussed .1%!9%4,106,108 
A value of 11:5 g.-cal./g. has been obtained for the heat of fusion of potas- 
sium from a relationship between the parachor and the heat of fusion.’ 


Vapour Pressure, Boiling Point and Degree of Association 


Various methods - both direct and indirect — have been applied tothe meas- 
urement of the vapour pressure of potassium. Most of the determinations 
have been carried out at temperatures well below the boiling point. Different 
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types of effusion method have been used in the pressure region below 10” mm. 

Hg by Edmondson and Egerton,*®* Mayer’*® and Neumann and Volker.*** Ed- 

mondson and Egerton’ used Knudsen’s effusion method, the rate of flow of 
potassium vapour through an orifice into high vacuum from a region where the 
vapour was in equilibrium with liquid potassium at a known temperature being 
measured by condensing the beam in a cool tube. The resulting deposit was 
dissolved and its weight determined by chemical analysis. Mayer**® allowed 
a similar potassium beam to impinge onto a vane suspended by a quartz fibre, 
the force exerted by the beam being thereby measured, while Neumann and 
Vélker*** placed potassium in an evacuated vessel suspended on a torsion 
fibre and measured the torque when vapour was allowed to escape from two 


Suitably placed holes. Using a static method, Fiock and Rodebush’*’” made. 


-measurements between 406° and 760°C. over which range the vapour pressure 
varied from 4*6 to 780 mm.Hg. Measurements of the positive ion current from 
a tungsten filament in potassium vapour at various temperatures were used by 
Killian*** to obtain vapour pressure values, while Weiler’?*"*5 derived vapour 
pressures from the magnetic rotation in the vicinity of the first lines of the 
principal spectral series of potassium. Vapour pressure equations that have 
resulted from these various measurements are given below; p is in mm. of 
mercury and T in °K. 


Wee eee Vapour pressure equation Authors 
Edmondson 
100-200 log,pp = -4507°0/T = +: 7#3447 and 
E gerton’*”* 
60-140 log,op = -4448:7/T + 7°403 Mayer’*® 
Neumann 
145-199 log,op = —4768 + 15/T + 11°58 + 0604 - 1637 logT and 
Volker’ 
406-760 log, p = -4433/T + 71830 ee ant 
80-130 log, op = -4964/T + & 71 Killian**? 
155-355 log,op = -4375/T + 9866 — logT Weiler’ 
155-297 log,op = -4503/T + 10-133 - logT Weiler’* 


116-119 


Several authors have reviewed vapour pressure measurements for 


potassium and have formulated equations embodying the results of two or more . 


sets of workers. Kelley**® represented the experimental results of a number 
of workers by the equation:- 


logio? (atm.) = -4769/T + 8708 - 1°375 logT 


From a graphical analysis of all the previous vapour pressure data for potas- 
sium, Ditchburn and Gilmour’”’ in 1941 gave the equation:- 

log,oP (mm.) = -4552/T + 8°793 - 0°5 logT 
as representing the vapour pressure of potassium within +5% between 600° and 
1100°K. and within +20% between 350° and 1200°K. Temperatures at which 


the vapour pressure assumes rounded values as calculated from this last equa- 
are shown in Table VI. 


ae VI.- VAPOUR PRESSURE OF POTASSIUM 


presste_ me °K. (ref. 119) | 364 | 396 | 435 | 482 | 540 | 615 |'716/854 | 1033 |( 1060) |( 1415) 
i °K. (ref. 120) |(351)| (383) |(422)| (469) | (527) |(603)|'704/845|1027|} 1058 | 1413. 


Values in parentheses are extrapolated 
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Measurements’” of the vapour pressure of potassium over the range 0°162 


to 6-529 atmospheres have been represented by the equation:- 
logP(atm.) = -4207/T + 4096, 


the standard error in P being 151%. Temperatures corresponding to rounded 
vapour pressures calculated with the aid of this equation are included in 
Table VI. 

_ From the above vapour pressure m@asurements’” extending to pressures of 
several atmospheres, a boiling point of 1027°K. was obtained. Fiock and 
Rodebush,**? who made vapour pressure measurements up to 780 mm.Hg, ob- 
tained a value of 1030°K. for the boiling point of potassium. Extrapolations 
from vapour pressure data obtained at lower temperatures lead to boiling 
points in the vicinity of the foregoing values. Thus, as seen from Table VI, 
the vapour pressure equation of Ditchburn and Gilmour’ gives 1033°K., while 
the equation of Kelley**® gives 1047°K. 

Evaporation and condensation coefficients of potassium have been studied 
by Neumann and co-workers.**???, From microscopic measurements of the 
decrease in volume of drops of liquid potassium 0°5 to 1 mm. diameter sus- 
pended on a thin silver wire in vacuum, the evaporation coefficient was found 
to have a value of unity and to be independent of temperature over the range 
66° to 119°C.*7#*7?, It was concluded that the potassium atoms evaporate 
directly into the gaseous phase from each part of the liquid surface. For 
Solid potassium (single crystals) the evaporation coefficient was greater than 
unity, and increased with decreasing temperature, while the condensation 
coefficient had a value of approximately unity.*° 

Potassium vapour is essentially monatomic at low pressures. The per- 
centage of diatomic molecules in the vapour increases with increasing pres- 
sure, there being present about 5% by volume of such molecules at the normal 
boiling point. From their spectroscopic measurements,'*”*'** Loomis and Nus- 

baum’?* calculated values of the equilibrium constant for the dissociation of 
| diatomic potassium into atoms for temperatures between 100°C. and the boilin 

point. Combining them with the vapour pressure data of other workers,*°"* 

values calculated for the degree of dissociation (from the equation K = 
4a?5/(1-a*) ranged from 0*999878 at 100°C. to 0+9031 at the boiling point. 
Values for the dissociation constant were calculated by Gordon’* - also using 
“spectroscopic data — up to higher temperatures (partial pressures are in atmos- 


_pheres). 


Tie 298+ 1 400 600 s00 —-«:1000 
logKp = log(Pk )*/Px  -5*247  -20962 06715 +06420 1105 


f aes 8 1200 1400 1600 1800 2000 
logKp = log(Px )*/Px | 16562: .1¢887- ~ 2+129%, 26315 - 26464 


Over the common temperature range, the results are only slightly different from 
-those of Loomis and Nusbaum.'?* The dissociation constants of Gordon’** 
/when combined with vapour pressure measurements of Fiock and Rodebush’*” 
/lead to the following equation for the vapour pressure of monatomic potas- 
sium :- 


0 


logioP , (mm.-) = -4856/T + 11°410 - 1°275 logT 


At the boiling point (1030°K.) the partial pressures of atoms and diatomic 
molecules in the saturated vapour become 716 mm. and 44 mm. respectively.’* 
A more recent calculation’* of the dissociation constant from spectroscopic 
data has given values in close agreement with those of Gordon: (partial pres- 
sures in atmospheres):- 
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(ie 100 29816 500 760 1000 
logKp = log(PK)*/(PK,) -22+89 -5+280  -1+635  +0+234 = 16107 
Te 1400 1800 2200 2600 3000 


logKp = log(P)*/(Px,) 1907 28356 26643 24843 24990 


An experimental study of the dissociation constant of diatomic potassium 
vapour was made by Lewis*”’ over the range 581°K.to 713°K. using a magnetic 
deflection method. Values for the dissociation constant varied from logKp 
(partial pressures in mm.Hg) = 1°553 at the lowest temperature to logKp = 
2°566 at the highest temperature (equivalent to -1+328 to -0e315 for partial 
pressures in atmospheres). | 

From the slope of the curve of logKp against 1/T, Lewis’” calculated a 
value of 15 kg.-cal./g.-mole (=0°65 e.V.) for the heat of dissociation or disso- 
Ciation energy of the potassium molecule. He also found this value of the 
dissociation energy to be that which when put into the Gibson-Heitler formula’ 
gave the best representation of his experimental data. An obsolete value of 
the moment of inertia was, however, used in this last calculation, and Loomis 
and Nusbaum,’** using a revised value for the moment of inertia, have calcu- 
lated the D° fulfilling the above condition to be 0°56V. Several authors*****33 
have derived values for the dissociation energy of the potassium molecule 
from spectroscopic and other data: the values have ranged from about 0:5 to 
0*8 e.V. Hertzberg*** and Gaydon’** have listed 0°514 e.V. and 0*51 + 005 
e.V. respectively as the best value of the dissociation energy. The U.S. 
Bureau of Standards selected value’** for the heat of formation of diatomic 
potassium vapour is 3l*7 kg.-cal./g.-mole at 0°K. and 30°8 kg.-cal./g.-mole at 
298°16°K., while the free energy of formation of the gaseous potassium mole- 
cule at 298°16°K. is 22+1 kg.-cal./g.-mole. 


7 


Heats of Vaporization and Sublimation 


Values for the heat of vaporization of potassium at 0°K. calculated from 
the vapour pressure measurements of various authors lie mostly between 21:6 
and 218 kg.-cal./g.-mole.'*’ Making use of composite data from several 
sources, Kelley’*® represented the heat of vaporization (to monatomic vapour) 
by the equation:- 


AH(kg.-cal./g.-atom) = 21°788 - 2°73 x 10°T 
and the free energy of vaporization by:- : 
AF(k g.-cal./g.-atom) = 21788 + 6°29 x 10°TlogT — 3°997 x 10°T 


For the temperature at which the pressure of potassium atoms becomes one 
atmosphere (1049°K.), AH = 18-924 kg.-cal./g.-atom and AS = 18:04 g.-cal./ 
ge-atom. 

The U.S. Bureau of Standards selected value’®* for the heat of sublimation _ 
of potassium into monatomic vapour is 21+73 kg.-cal./g.-atom at O°K. and 
21-51 kg.-cal./g.-atom at 29816°K. while the value for the free energy of 
sublimation is 1462 kg.-cal./g.-atom at 298°16°K. Kelley’’® has given the 
following equations for the heat and free energy of sublimation respectively:- 


AH (kg.-cal./g.-atota) = 216848 - 0627 x 10°T — 26775 x 10°T? 
AF (kg.-cal./g.-atom) = 216848 + 6e2 x 10°*TlogT + 2775 x 10°T? - 26655 x 
10%) 


These lead to: 


AF jog. = 21°521 kg.-cal./g.-atom and 
AF 495. = 14637 kg.-cal./g.-atom 
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Theoretical computations of the heat of sublimation or cohesive energy of 
potassium have been carried out by a number of authors***%*°"9 (see page 


1503). 


Specific Heat, Enthalpy and Entropy 


Specific Heat. 

Simon and Zeidler*** measured the specific heat of potassium at constant 
pressure between liquid hydrogen and room temperature. Their potassium 
contained sodium and lead as impurities, but these amounted to hardly more 
than 001%. A selection of their values for C, together with values for C,, 
calculated from them with the aid of the Nernst-Lindemann equation are:- 


38 


ie oK.. 14°71 19:00 2421 31-05 41+2 54-0 
ae g.-cal./g.-atom/deg. 1523 2°09 2°90 3075 4.55 5°20 
C,, g--cal./g.-atom/deg. 1-23 2°09 2: 89 3-73 4051 5°14 
1A 71°8 98¢3 140¢4 201¢1 23261 2765 
Ce g.-cal./g.-atom/deg. 5°50 5°86 6°17 6°49 6°65 6-90 
C,, g--cal./g.-atom/deg. 5:41 5°72 5°94 613 G21 6:34 


Later measurements’* on potassium containing less than 0°01% Na have given 


results in close agreement with the above:- 


ocr. ae t SAG 60 80 100 8" 2150 
Cp, g--cal./g.-atom/deg. 3°70 4652 5°30 5°70 5°89 622 
Lier Ke: ZOOW ROME 27501.) we 298885 2. #30004 41330 


Cy, g--cal./g.-atom/deg. 6°46 670 6+85 7°07 709 7057 


These last results are also in very close agreement with others obtained by 
Krier, Craig and Wallace’**? between 12° and 320°K., the average deviation 
between the two sets of values being only 0°2% above 50°K. and 0°4% below 
50°K. Some of Krier, Craig and Wallace’s'*® values are:- 


ee Ke 12 14 15 16 18 20 Ds 
Coy B. -cal./g.-atom/deg. 0°993 1337 16508 1:678 2-014 2345 3-088 
, BOS teAO A a Ornate GOs rie 70 80 100 
a aay /g.-atom/deg. 3°681 4494 4987 5307 5526 5*685 5890 
ic, OK. , 150 200 250 273916 29816 300 320 


Cy, g--cal./g.-atom/deg. 6213 6441 6697 6840 7-052 7071 7348 


| 9 
| Measurements*?°2 


| following results:- 

my OK. 1-5 2°0 2°5 3-0 305 4-0 

| Ch, Baga, ee atom dees 0°:00303 00-0063 0-0120 wea 0° 0338 Os pone 
ij 5 6 7 


of the specific heat between 1°5° and 20°K. have given the 


ic ph , /g.-atom/deg. 0103 00179 0276 0.380 0520 0+ 0 
ig OK. 12 14 16 18 20 
| Ps .-cal./g.-atom/deg. 0+ 99 Le Fs fet <5. 2600; 2136 


_ Carpenter and Steward’®? measured the specific heat of solid and liquid potas- 
sium over the range 200° to 600°K.: values for rounded temperatures inter- 
_ polated from their results are given below:- 


Lee Ks. ZOUS 29005 500 v9 508 0(8)- 33 6e (1) 
C,, g-cal./g.-atom/deg. 6956 679 736 8: 06 8 05 

TOK. BO (ra 00 Res 45 Ow 25008415507) (600 
Cy; g.-cal./g.-atom/deg. 800 788 782 780 780 780 
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From 250°K. to the melting point they found a large and increasing rise in the 
specific heat. This rise prior to the melting point, which is characteristic of 
the alkali metals,*° has been discussed in terms of lattice deposits.'*°* Other 
precise meseuremene of the specific heat of very pure potassium under 


saturation conditions between 0° and 800°C. have led to the equation:- 
Cgat. = 0° 71040 + 260770 x 10 (0° to 63+2°C.) 
for solid potassium and to:- 
Cgat. = 084074 - 361688 x 10°*t + 361435 x 10°7t? (632° to 800°C.) 


for liquid potassium, Cgat. being in absolute joules/g., and t in °C. The prob- 
able errors for these two equations are +2% and +0°4% respectively. Table 
VII shows values obtained from these equations for rounded temperatures. 


TABLE VII. - SPECIFIC HEAT, ENTHALPY AND 
ENTROPY OF POTASSIUM BETWEEN 0° AND 800°C. 


Temperatire S-So9 OC 
g.-cal. le “atom/ deg. g.- a g.- Sea g.-cal. i atom/deg, 


; 602 
Ie 195 
1°505 
3° 163 
3°427 
3°956 
5° 732 
7133 
8» 289 
9° 275 
10-141 
10°919 
11°632 


3 
50 
63° 2(s) 
63 2(1) 


Above the melting point the specific heat falls with rise of temperature to a — 
minimum value at about 500°C. These last measurements gave values for 


liquid potassium several percent lower than the earlier measurements of Car- _ 


penter and Steward’? which are considered’”® to be less precise. Other less 
precise values for the specific heat of liquid potassium at 90°, 136° and © 
181°C. have been obtained by measuring the adiabatic temperature-pressure 
coefficient.*** In reviewing thermal data up to 1948, Kelley*** gave the fol- 
lowing equation as representing within +1% the specific heat of solid potas- 
sium between 298°K. and the melting point:- 


Cy = 6°04 + 3012 x 10°T (C, in g.-cal./g.-atom, T in °K.) 


Values selected for the heat capacity of solid and liquid potassium ina recent 
survey’*” of the thermodynamic properties of the alkali metals are shown in 
Table VII. 


From the vibration frequency, Kelley’ 
diatomic potassium vapour by the equation:- 


Cp = 8:94 - 0903 x 1057 


(accuracy +0°5% between 298° and 2000°K.; C,, in g.-cal./g.-mole; T in °K.) 
Values,’*® calculated from spectroscopic data, for the heat capacity of both 
monatomic and diatomic potassium vapour at one atmosphere pressure are — 


‘2 represented the heat capacity of 
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‘TABLE VIII.- THERMODYNAMIC FUNCTIONS FOR SOLID 
AND LIQUID POTASSIUM BETWEEN 0° AND 1000°K. 


Temp., Ce g.-cal./ (Hp -H$)/T Sh g.-cal./ | ~(F -H§)/T 
ssh Gy g.-atom/deg. | g.-cal./g.-atom/deg. | g.-atom/deg. | g-talt/e atom? deg. 
a 0 0 0 0 | 0 

50 4-426 16772 
100 8259 40141 
150 10° 739 | 5°951 
200 12-576 7°387 
250 14-048 8° 577 
273+ 16 14.649 | 96066 
298-16 15° 262 9°559 
300 15° 306 92595 
336° 4(sol. ) 16-°169 10-260 
336: 4(lid. ) 17-816 | 10-260 
400 19+ 130 11-569 
500 20-789 13°255 
600 22° 114 14-625 
700 23°218 15°776 
800 24> 168 16°767 
900 25°008 17°637 
1000 25° 767 [ 18°413 


shown in Table IX. Other recent calculations’*’ have given values in close 
agreement with those of Table IX (see page 1514), 

Like the other alkali metals, potassium does not obey the Debye formula 
which requires a constant value for the Debye characteristic temperature, 0. 
Instead, 0 shows a marked temperature-dependence. General theoretical 
treatments of the specific heat of the alkali metals have been discussed under 
‘Lithium’ and ‘Sodium’ (see pages 38 and 393). 

Values of the characteristic temperature for potassium have been given by 
a number of authors in treatments of specific heat and other data.7%79!3#13? 6143-1464 
In a recent detailed study of characteristic temperatures,’**"** four different 
methods have been used for calculating 0p, the Debye characteristic tempera- 
ture, from thermodynamic data and Op from electrical resistance data: curves 
of these as a function of temperature have been given up to 300°K. in the case 
of On and 150°K. in the case of OR. 


Heat Content or Enthalpy. 

Recent calorimetric measurements’” using pure potassium have led to the 
following equations for the heat content or enthalpy of the metal in the solid 
and liquid states. The enthalpy is in absolute joules per gram, the tempera- 
ture in degrees centigrade, and the probable error for the two equations has 
been estimated as +1-2% and +0°3% respectively. 


_ HH, (solid) - H,(solid) = 0: 71040t + 1+0385 x 107%? (0° to 63+2°C.) 
H ,(liq.) -— H,(solid) = 56°179 + 0-840741t - 1658440 x 10°42? + 1604993 x 10°72° 
(63°2° to 800°C.) 


Enthalpy values for rounded temperatures obtained by using these equations 


are included in Table VII, whilst Table VIII shows values for the heat content 


function of potassium selected in a recent summary’*” of thermodynamic data 


for the alkali metals. On the basis of data available up to 1948, Kelley**? 
formulated the following equations to represent the enthalpy of solid and 
liquid potassium within +1%, the enthalpy being in g.-cal./g.-atom and T in 
K. 
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TABLE IX.- THERMODYNAMIC FUNCTIONS FOR MONATOMIC AND DIATOMIC 
POTASSIUM VAPOUR IN THEIR STANDARD STATE OF ONE ATMOSPHERE 
PRESSURE 
O (e) O (e) (e) 
Wie ay DE Ey ), dt “E, 
g.-cal./mole/°K. | g.-cal./mole/°K. | g.-cal./mole/°K. 


27900 41-992 4°9680 

298-16 33+ 327 51°059 469680 
33595 33°913 52°077 49680 
500 350895 55°563 49680 
760 37°975 59+ 283 49680 
1000 39+ 339 61°757 409680 
1200 40+ 244 63° 415 49680 
1400 41-010 64° 827 409680 
1600 41-674 66059 49680 
1800 42-259 67° 152 4°9680 
2000 420783 68> 136 49680 
2200 43°257 69°032 49680 
2400 43°69 1 69°854 4.9680 
2600 44-090 70°615 469680 
2800 440461 716324 469680 
3000 44.809 71°:987 409680 


: OK ahi Sty C “e GC oi 
7 ™“* 1 g-cal./mole/°K. | g.-cal./mole/°k. ie oda wee 


32° 868 49-922 8°7207 
38+ 295 59° 664 90565 
38°881 60° 7.34 9°08 17 
40°863 649375 9-1769 
42-943 68+ 243 9°3117 
44-307 70°816 9°4320 
450212 72° 545 . 9°53 14 
45°978 740021 9°6305 
46°642 75°314 ; 9°7294 
470227 76°465 9°8282 
47°751 77: 506 9°9 268 
48225 718°457 10-0255 
48° 659 719° 333 10-1241 
49-058 800147 10° 2227 
49429 80-909 10°3213 
490777 ° 816625 10+ 4020 


. 


1 


Subscript (1) refers to monatomic potassium vapour and subscript 
(2) to diatomic potassium vapour 


Hp (solid) - Hysgy¢(solid) = 6 04T + 1656 x 10°T? - 1940 (298° to 336:7°K.) 
Hr (liq-) - Ayo9.46( solid) = 7*80T — 1781 (336:7° to 600°K.) 


From vibrational frequency data, Kelley**” represented the enthalpy (in g.- 
cal./g.-mole) of diatomic potassium vapour between 298° and 2000°K. within 
+0°5% by the equation:- 


Hyp. bl yoy Be AT. 42003 6 1 OFT ead 


Using spectroscopic data and assuming the vapours to behave as ideal gases © 
the values of Table IX have been calculated for the enthalpy function and 
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other thermodynamic properties of both monatomic and diatomic potassium 


vapour.’*° Other calculations’*’ have given very similar values. 


Entropy. 

From the low-temperature heat capacity measurements of Simon and Zeid- 
ler'*® the entropy of solid potassium at 29816°K. has been calculated**® to be 
15¢2 + Oe2 g.-cal./g.-atom/°K. The U.S. Bureau of Standards also take 152 
as the selected value at 298-16°K.**© Other more recent heat capacity meas- 
urements’*** lead to entropy values at 273+16°K. and 29816°K. of 14°77 + 
0-03 g.-cal./g.-atom and 15+38 + 003 g.-cal./g.-atom respectively. From heat 
capacity measurements’” between 0° and 800°C. the following equations have 
been derived for solid and liquid potassium: (S in joules/g./degree; T in 
Ga 


Sp (solid) - Sy7su60x (Solid) = 0°32938logT + 20770 x 10°T - 1:36986 
(273° to 336°4°K.) 
Sp(liq.) - Sprsac0y (Solid) = 218919logT - 48862 x 10°T + 165718 x 10°77? 
- 5°04665 (336+ 4° to 1073°K.) 


Values at rounded temperatures calculated from these equations are included 
in Table VII. Table VII lists entropy values’*’ between 0° and 1000°K. 

For monatomic potassium vapour, the Sackur equation - with Rln 2 added 
to account for the multiplicity in the lowest energy state - gives 38-30 + 0-01 
g.-cal./g.-atom/°K. forthe entropy at 29816°K."*® For diatomic potassium, 
Sooners = 59°55 + 0°10 g.-cal./g.-mole/°K. has been obtained from the moment 
of inertia and the vibration frequency; the vibrational contribution is 3°617 
and the translational and rotational contribution 55°929. Other values for the 
entropy of monatomic and diatomic potassium vapour calculated for tempera- 
tures of 100° to 3000°K. using spectroscopic data are shown in Table IXx.*” 
Values calculated up to somewhat lower temperatures by other authors’*’ agree 
closely with them. 


Free Energy. 
Free energy data for potassium in the solid, liquid and gaseous states are 
included in or may be derived from the data of Tables VII,*°° VIII'*? and IXx.'6 


Thermal Conductivity 


Low temperature studies have shown a substantially constant thermal con- 
ductivity of around 1 watt cm."'degree™ between 25° and 90°K.**°7 Below 
25°K. it rose rapidly to a maximum of 5 to 7 watt cm.'degree™ at about 5°K. 
At temperatures below 16°K. the thermal conductivity was represented by the 
equation: - 


1/k = A/T +17 x 10°T? 


where A for three different potassium specimens had values between 0°52 and 
0°85. No new determinations of the thermal conductivity of solid potassium 
at ordinary temperatures have been reported. 

Measurements of the thermal conductivity of liquid potassium have been 
made between ~175° and 610°C., and over this range the conductivity varied 
linearly with temperature."’” The experimental values were also closely 
fitted by the equation k/C,d = constant, where k is the thermal conductivity, 
C, the specific heat a d the density. This equation has been used to 
extrapolate values up to 800°C. A selection of values for the thermal con- 
ductivity of liquid potassium is given in Table X.'*” Thermal conductivities 
calculated from measurements**” of thermal diffusivity (= k/C,d) between the 
melting point and 630°C. approximate to those of Table X at the higher tem- 
peratures but are appreciably higher (~15%) at the lower temperatures. 

From generalized relationships between electrical and thermal conductivity, 
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TABLE X.- THERMAL CONDUCTIVITY OF LIQUID POTASSIUM 


'Temp.,°c. | 200 | 300 | 400 | 500 | 600 | 700 | 300 | 
o307 | O97 | 0-956 | 0-940] 0-226) 


an estimate of 0°15 to0*20g.-cal.cm.“*sec.~“*deg."* (0°63 to 0*84 watt/cm./deg.) 
has been made for the thermal conductivity of liquid potassium at its melting 
point.*** 


Electrical Resistance 


McLennan and Niven’*’ gave the specific resistance of potassium at 273°K. 
as 61x 107%. At 191°, 80° and 206°K. the values were 4:0 x 107°, 166 x 10°° 
and 0+ 35 x 10° respectively. McDonald and co-workers***? obtained values of 
64 x 107°, 7-0 x 10°° and 10¢8 x 10°° ohm cm. for the specific resistance of 
three different samples of potassium at 295°K. Bidwell**° measured the re- 
sistance (relative to that at 0°C.) of potassium contained in capillary tubes 
over the range -150°C. to +100°C. His results are shown in Fig. 2; there is 
a slight break in the curve at about ~110° to -120°C., and a marked increase 
in the R/R 90 _ratio at the melting point. 


—200 — 120 -— 40 +40 + 120 
Temperature, °C —> 


FIG. 2. RELATIVE ELECTRICAL RESISTANCE OF POTASSIUM 


Several workers have measured the resistance of potassium at low tempera- 
tures relative to that at 273°K.**%49%15'954 The value of the R/R,,,0, ratio 
is greatly affected by the presence of small amounts of impurity, and the mag- 
nitude of the ratio at temperatures approaching absolute zero gives an indica- 
tion of the purity of the samples used. The purer the sample, the lower is the 
ratio. Approximate residual resistance ratios for the samples used by the 
various workers were 0+007,*** 0+09,*5? 0°024 and 0:003,'** 0+001 to 0:00056,'** 
O+1 to 0+007,"** and 0-002 to 0-003."*°* Table XI shows the R/R,,,;0% ratios 
for one of the purer of these samples after subtracting the residual resistance 
ratio (~0+003).*5? 

From 3° to 7°K. the resistance, corrected for the residual resistance, is a 
fifth power of the absolute temperature.’*** The power decreases at higher 
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TABLE XI.- RELATIVE ELECTRICAL RESISTANCE 
OF POTASSIUM AT LOW TEMPERATURES 


Temp., °K. 3°02 4.13 5025 7°88 9-35 
R/Roy Pie 0-000008 | 0-000047 | 0-000166 | 0-000921 | 0001737 


Temp., °K. | 114% 14623 160 | 1884 20+33 
R/RyzPx. | 09003382 | 0006693 | 0-009542 | 0015371 | 0-019110 


temperatures, and between 14° and 20°K. a T° law applies. MacDonald and 
Mendelssohn*** measured the resistance ratio for seven samples of potassium 
of various purities; for samples with residual resistance ratios ranging from 
0-1 to 0°0145 there were slight anomalous humps in the relative resistance 
curve at temperatures of ~12° and 10°K., but these disappeared in the purest 
sample (residual resistance ratio ~“0:007). It was also found that for this 
purest sample resistance varied directly as T* from 20°K. down to 8°K. and as 
T® below 6°5°K. 

Kamerlingh Onnes and co-workers showed that potassium was not 
superconducting down to a temperature of 1°5°K., and later work has shown 
that this is also true down to 0*08°K.*°”*°* 

The electrical resistivity of thin films of potassium deposited on clean 
glass surfaces in high vacuum has been studied as a function of film thick- 
ness and of temperature.*°°**' In thin films the resistivity is much greater 
than that of the bulk metal. Deposition of the film took place by directing a 
beam of potassium atoms onto a surface cooled to between 64° and 90°K., and 
a continuous series of resistance measurements were made during and after 
deposition. With increasing thickness of the layer, the resistance and resis- 
tivity decreased steadily, but on stopping deposition the resistance did not 
remain constant but (for a film thickness of ~20A.) increased in the course of 
half an hour by a factor of about 30. The decay of conductivity on stopping 
deposition was attributed to the widening of cracks and imperfections in the 
film under the action of surface tension forces. Potassium films were much 
less stable in this respect than were those of rubidium and caesium. Fig. 3 
compares the formation and decay of conductivity for ~20A. films of potas- 
sium, rubidium and caesium deposited at 90°K. with approximately the same 
beam intensity in each case.**” 

For potassium, conductivity began at a film thickness of about 3°2A., and 
with the film 20A. thick the resistivity was approximately 34,000 times that of 
the metal in bulk. The decay of conductivity after cessation of deposition 
decreases with increasing film thickness and with decreasing temperature. 
At 64°K. a film of potassium 40A. thick borders on the verge of instability. 
Potassium films 2000A. thick have a resistivity which is still two or three 
times that of the bulk metal, but the temperature coefficient is the same as for 
the bulk metal.*®’ For the films with thicknesses below 100A. the greatly 
increased resistivity is attributed to limitation of the mean free path of the 
conduction electrons by the boundaries of the film, but for the films with thick- 
nesses of the order of 10°A. the increase in resistivity over that of the metal 
in bulk is attributed to lattice strain.*® 

Measurements have also been made of the conductivity of alkali metal 
films (probably monatomic) deposited spontaneously on the glass walls of 
vessels containing the metal in vacuo.*°? The conductivity of the films in- 
creases in the order K, Rb, Cs. 

The effect of magnetic fields with strengths up to 35 kilogauss on the 
electrical resistance of potassium was studied by. Justi*** at temperatures 
between 4°2°C. and 20*4°K. The percentage change in resistance on applica- 
tion of the fields is dependent to a large extent on the purity of the sample. 


155,156 
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Log. Resistance 


Time, (min.) 


FIG. 3. FORMATION AND DECAY OF CONDUCTIVITY FOR FILMS OF K, Rb, 
Cs DEPOSITED AT 90°K. @K:20A. WITH BEAM INTENSITY 2:45 x 10!” atoms/ 
em.*/sec.; x Rb: 21°8A. WITH BEAM INTENSITY 315 x 10!? atoms/cm.?/sec.; 
© Cs: 21-0A. WITH BEAM INTENSITY 2-30 x 10? atoms/cm.?/sec. S: SHUTTER 
CLOSED (CESSATION OF DEPOSITION) 


For one particular sample at 14°K. a longitudinal field of 16°5 kilogauss gave 
a 1-95% increase in resistance, while a transverse field of the same strength 
gave a 2°49% increase. 

Earlier measurements (Mellor,II,460) of the effect of pressure on the elec- 
trical resistance of potassium have been extended to higher pressures.’°*" 
Table XII shows the results of measurements at 30°C. for pressures up to 
30,000 kg./cm.*.*** 


TABLE XII. - EFFECT OF PRESSURE ON THE 
ELECTRICAL RESISTANCE OF POTASSIUM 


Pressure, kg./cm.2 0 | 2,500 | 5,000 | 10,000 | 15,000 | 20,000 
R/R 1:0 0-664 | 0-491 | 0-303 | 0-219 | 01821 


zefo pressure 


Pressure, kg./cm.? | 22,000 |} 23,000 | 24,000 25,000 | 26,000 | 28,000 
R/R O° 1760 | 0°1740 | 0-1726 | 0¢1719 | 061721} 0-1740 


zero pressure 


In 1930, Bridgman’ found no minimum in the resistance-pressure curve up to 
19,500 kg./cm.’, but extrapolation indicated a minimum relative resistance of 
about 0°175 at 23,500 kg./cm.* His later work*®® at higher pressures con- 
firmed the existence of a minimum which at 30°C. was found to have a value 
of ~0°172 and to occur at 25,400 kg./cm.” At 25°C. the minimum occurs at 
about 25,000 kg./cm.* Further measurements’® up to 100,000 kg./cm.? have 
shown a progressive increase of R/Rzero pressure With pressure in the region 
above this minimum:- 
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Pressure, kg./cm.” 30,000 40,000 50,000 60,000 
Ree 06178, 0-203 04252. _..09309 


Pressure, kg./cm.” 70,000 80,000 90,000 100,000 
Rzero pressure 0370 06439 0-514 0°596 


Potassium vapour at 1200°C. has an electrical conductivity of 107° ohm™ 
cm. at a pressure of one atmosphere, and 10° ohm™cm.™ at ten atmospheres.’ 
There is no evidence of metallic conduction under these conditions. 

Several theoretical treatments of the electrical conductivity of potassium 
have appeared.*©8*7°% 


Thermoelectric Properties 


The thermoelectric power of potassium relative to platinum was measured 
by Bidwell’®° over the range -180° to +110°C.: the results are shown in Fig. 
4, A marked break occurs in the thermoelectric power-temperature curve at 
about -120°C. There is also a considerable increase in thermoelectric power 
as the melting point is approached; above the melting point the thermoelectric 
power decreases with increase of temperature. 


—6 


—-—-—-— more rapid heating 


Microvolts/degree 


~ ~200 ~120 ~40 +40 +120 
Temperature, °C 


FIG. 44 THERMOELECTRIC POWER OF POTASSIUM 


MacDonald and Pearson*’’"”? measured the thermoelectric force of potassium 


against lead at temperatures below ~80°K. Using the absolute thermoelectric 
force of lead as measured by Borelius et al.,*”* the following values (inter- 
polated from their graphically presented results) were obtained for the abso- 
lute thermoelectric force of potassium:- 


T, °K. Tp 2 0k AAO emcAVna 50+ de alii. oil 
Microvolts Ov = 6.920 i 436 =F 2s =-106.).~+145 


Below ~30°K. the thermoelectric power is proportional to the square of the 
temperature. Above this point the temperature dependence falls to well below 
a linear power law.*”* The thermoelectric effect of the alkali metals has been 
discussed from the viewpoint of the electron theory of metals.*7??'7??*” 

Magnetic Properties 


Potassium is paramagnetic, its susceptibility varying only slightly with 
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temperature. The earlier value of 0:40 x 107° (Mellor,H,460) for the mass 
susceptibility now appears to be slightly too low. More recent values for the 
mass susceptibility at room temperature have included 0°49 x 107°,*7° 051 x 
107 06545 3¢::1 0°, *U'. 0855 x Oks” anda0s 532° 2405002,. 10st ge dere siae 
slight fall in susceptibility on passing from the solid to the liquid state: the 
value for the liquid has been observed to increase from 0°50 x 10° at the 
melting point to 0°53 x 107° at 500°C.*7° Neumann’*” obtained a volume sus- 
ceptibility of 0°40 x 10° at 21°5°C. which is equivalent to a mass susceptibi- 
lity of 0e47 x 10°. Bohm and Klemm® have given the following values for the 
atomic susceptibility (mass susceptibility x atomic weight) of potassium 
between —183° and +100°C.:- 


LEC! = 18309-7874 207. 100 
Kat xX 10° 2000 20-3 215 2004 


A value*®® of —19 x 10°° for the atomic susceptibility of potassium is at 
variance with the results of all subsequent workers. 

Theoretical computations*®*»**? of the magnetic susceptibility of potassium 
have been made. 

Electron spin resonance absorption has been sought in potassium. 
Gutowsky and Frank*®?% working at a frequency of ~25 Mc./sec. detected no 
resonance at room temperature or at 77°K. Feher and Kip°®*? who investigated 
the resonance absorption of metals at 300 and 9000 Mc./sec. for temperatures 
between 4° and 296°K., obtained a signal with potassium only at 4°K. and 300 
Mc./sec. and even this was very weak. That part of the volume susceptibi- 
lity arising from conduction electron spins has been calculated by Pines***” to 
be 0°61 x 10° c.g.s. units. 

Many attempts have been made to evaluate the contribution of the potas- 
sium ion towards the diamagnetism of its salts both from purely theoretical 
considerations and by making use of experimental data on the susceptibility of 
salts. A wide variety of values has resulted from the efforts of the various 
authors. Values for the susceptibility of the potassium ion in solution ob- 
tained from measurements on its salts include -17-5,'*? —17-4,1%* -16.9,** 
— 16+ 5,188? —1663,*8* -140, 1°? and —13°5,*?* (all to be multiplied by 10°), 
while values for the K’ ion in crystals include -14°6 x 10°°,*?%°3 and -13:6 x 
10°°.*°* Theoretical treatments have given the following values for free 
potassium ions: —20°0,'°° -19606,'°° -18,1°7 -17-61,7?* -16+7,'°? -14+5,7°° 
—1 404, 194798 _14.2,193 —130 06,7? and —84,°° (all to be multiplied by 107°). Other 
values for the free ion include —17+5,1°* -17+4,18* —1605,*°*®7 and -16+3,7* (all 
to be multiplied by 107°). In reviewing the field, Klemm?” gave -11-4 x 
10° as the most probable value for the susceptibility of the potassium ion in 
solution; for the ion in crystals he gave -12°9 x 107° when the co-ordination 
number is 6 and -12+8 x 10° when it is 8; for the free ion he gave -14:0 x 
10°. Another contemporary survey”’® recommends -14°9 x 10° without dis- 
tinguishing between the ion in solution and in crystals.’ Methods of ob- 
taining ionic susceptibilities and/or the values resulting from them have been 
reviewed by several authors, 70470%70871° 

From the deflection pattern obtained when a beam of potassium atoms is 
passed through a non-homogeneous magnetic field?***** or is passed obliquely 
through a homogeneous field**® potassium is found to have a magnetic moment 
of one Bohr magneton. 

Several determinations are in agreement in giving 0°391 nuclear ma gnetons 
for the moment of the **K nucleus.**”””° A number of other authors?***** have 
measured or have discussed the nuclear magnetic moment of *°K; most of the 
values fall between 0°38 and 040 nuclear magnetons. Values of? 0+215 
and’*”7_ 0°22 nuclear magnetons have been given for the moment of the **K 


92,1824 
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nucleus. 
The nuclear spin of both *°K and *?K is 3/2,2?2?2:225236237 


Electrode Potentials 


Because of the reaction between potassium and water, an indirect method 
_ is necessary for the determination of the standard electrode potential of potas- 
sium (see page 404). The European convention regarding the sign of the 
electrode potential is followed for all the values quoted below. A recalcula- 
tion?** of the results of Lewis and Keyes”*” who measured the e.m.f. of the 
cells:- 


K (solid) | KI in ethylamine | K (0°2216% amalgam) 
and K (0*2216% amalgam) | KOH ag.; KCl aq. | Calomel electrode 


has given -2:9224V. as the standard potential of potassium at 25°C. on the 
hydrogen scale. A combination of Lewis and Keyes’ value (1+:0487V.) for the 
e.m.f. of the above non-aqueous cell with other later measurements of the 
potential of potassium amalgam electrodes**® has led to —2:9243V. for the 
standard potential of potassium.° Thermodynamic calculations of the stan- 
dard potential have been made by Drossbach,”**** who finally arrived at Eg = 
-—2°97 or -2°96V. From measurements of the decomposition voltages of fused 
potassium halides a value of -2614V. has been given for the potential of 
potassium extrapolated to 18°C.*%* Using spectroscopic and thermodynamic 
data, 'Gapon*** calculated a value of +0°96V. for the absolute electrode poten- 
tial of potassium. An earlier determination of the absolute potential was 
reported by Scarpa.”*° 

The best representative values for the standard electrode potentials of the 
alkali metals in aqueous solution at 25°C. are compared on page 405. 

As with sodium, the standard electrode potential of potassium in non- 
aqueous solvents appears in general to be less negative than in water. In 
nitrobenzene the standard potential has been given as -2:804V.;**” in ethyl 
bromide it has been given as -2:516V.**° Other measurements of the potas- 
sium electrode potential have been made in formamide,“ liquid ammonia,”?”** 
hydrazine*®* and formic acid.*** Electrode potentials of the alkali metals in 
the last three solvents and in water are compared on page 47. 

Values for the electrode potential of potassium relative to that of other 
metals in various fused halide electrolytes have been obtained by direct mea- 
surement or by calculation from thermodynamic data, and electrochemical 
series have been developed.*%**° The order of the metals in the series 
varies with the anion and with temperature, and in the case of mixed salts it 
may also be affected by complex formation. 

The interest in potential measurements on potassium amalgam electrodes 
as a stage in the determination of the standard electrode potential of potas- 
sium has been referred to above. Several authors have made extensive studies 
of potassium amalpam electrodes.**%7****’ Armbuster and Crenshaw~*® mea- 
sured the e.m.f. of potassium amalgam concentration cells at 15°, 25° and 
35°C. over a wide range of potassium concentrations using aqueous electro- 
lytes and dropping electrodes. From their results they derivedthe following 
equations for the e.m.f. (in volts) of amalgams of potassium mole fraction N 
measured against an amalgam of mole fraction 0-019844:- 


0-057153 ‘ : 
0°05913 ) og = 1° | Je ] y) + 40 


Refs. p. 1531 


1522 POTASSIUM 44o] 
-E35°c¢, 
0°061119 


Measurements**° of a potassium amalgam electrode (N = 0002559) against 
calomel and silver chloride electrodes gave the following results:- 


K amalgam KCl aq. 


~ logN = 161218 + 26°478N + 130°37N? + 564-0N° 


N = 0-002559 | 0-10245m. | HeC! | He Eo50q. = 22217V. 
K amalgam KCl aq. ie 
N = 0+002559 | 1-0168m, | 48C! | Ae E'95°c, = 2:0704V. 


Amalgams with a potassium concentration less than 0°01 wt.-% were found to 
give unreliable e.m.f. values, while those between 0°02 and 0:4 wt.-% gave 
values reproducible to 0e02mV. Bent and Gilfillan*** measured the e.m.f. of 
potassium amalgam concentration cells as a function of concentration and 
temperature using several electrolytes viz., aqueous potassium hydroxide 
solutions, ether solutions of potassium addition compounds of organic free 
radicals, and solutions of potassium iodide in ethylamine. Combining their 
results with Lewis and Keyes’**? measurement of the e.m.f. of an amalgam 
electrode against solid potassium, the activity, a, of potassium in its amal- 
gams — referred to the solid metal as standard state - was represented by the 
equation:- 


loga/N = -—5695°6/T - 27669/T°77"° = +: 383249 + 2446/T°777°° 
{N + 363430N*} + 0-0017, 


N being the mole fraction of potassium in the amalgam, and T the temperature 
in °K. Activities of potassium in its amalgams have also been determined’*™® 
at 325°C. using the cell K | Thiiringer glass | K/Hg. 

Potentials of amalgam cathodes during the deposition of potassium from 
concentrated solutions of its chloride and hydroxide have been reported by 
Esinietial.S =" 

Heyrovsky*°**® studied the behaviour of potassium ions at the dropping 
mercury cathode in his first polarographic experiments; he gave the deposi- 
tion potential at mercury from aqueous solution as -1+883V. relative to a 
normal calomel electrode. The formation of compounds between potassium 
and mercury, together with the high hydrogen overvoltage at mercury, makes 
possible the discharge of potassium ions at a mercury cathode in acid and 
neutral solutions despite the very negative standard potential of potassium. 
The negative potential does, however, limit the choice of supporting electro- - 
lyte; tetra-alkylammonium halides or hydroxide are commonly employed.” 
With tetramethylammonium chloride or hydroxide as the supporting electrolyte, 
the half-wave potential of potassium ions in aqueous solutions is —217V. 
relative to a normal calomel electrode.**%*°* More precise studies in 0+1M. 
tetramethylammonium hydroxide solution at 25°C. have given the half-wave 
potential as -2:166,V. against a normal calomel electrode.?0°%°°> Alcohol- 
water mixtures are frequently used in obtaining polarograms of the alkali 
metals since these give better developed waves than do purely aqueous 
media.*°°7 Jn 50% ethyl alcohol at 25°C., with 01M. tetraethy lammonium 
hydroxide as supporting electrolyte, the half-wave potential of potassium ions 
relative to a saturated calomel electrode is -2*-10V.; in 80% ethyl alcohol it 
is —-205v.7°7° The half-wave potentials of potassium, sodium, rubidium and 
caesium (Na, -2:07V.; Rb, -1:99V.; Cs, -2:05V.; all in 50% ethyl alcohol + 
QO-1M. tetraethylammonium hydroxide) are so close to one another that these 
four alkali metals cannot be differentiated polarographically.** Colloidal 
materials such as gelatin and agar-agar tend to cause the deposition poten- 
tials of the alkali metals at a dropping mercury cathode to become less 
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negative.*°’ Polarographic waves in ethylene glycol, trimethylene glycol, 
glycerol and in dioxan—water mixtures have also been studied.” 

In liquid ammonia at —36°C., saturated with tetrabutylammonium iodide as 
supporting electrolyte, the half-wave potential of potassium ions is -1+24V. 
relative to a 0°:1N.Pb/Pb(NO,), reference electrode.?”° 


Ionization Potentials, Electron Affinity and Electronegativity 


Ionization potentials for potassium have been arrived at either by calcula- 
tion from spectral series limits or by extrapolation along the isoelectronic 
sequences. The values in the second column of Table XIII are based on the 
compilation of Moore*”* as revised and extended by Finkelnburg;?”? those in 
the third column are from another recent compilation.’”* 


TABLE XIII.- IONIZATION POTENTIALS OF POTASSIUM IN ELECTRON VOLTS 


Ionization of potassium vapour can result in various ways, for example, by 
the action of light (see page 1529) by electron impact,?”**”* and thermally.?7"*? 
Ionization on hot surfaces of tungsten and other metals has been investigated 
by a number of workers.**7°*?9° 

Hartree and Hartree,* from self-consistent field calculaticns of wave 
functions for the negative K” ion, deduced that this ion could exist and was 
8°! of +0°7 e.V. for the electron affinity is 
in conformity with a stable K” ion. Much ions have been reported from mass 
spectrometer studies.774°°? 

Potassium has a value of 0°8 on Pauling’s electronegativity scale, values 
for the other alkali metals being Li, 1*0; Na, 09; Rb, 0*8; and Cs, 0+7.*%4 


Optical Properties 


Whilst thin films of potassium are opaque to visible light they are highly 
transparent intheultra-violetregion of the spectrum. Transparency commences 
at a wave-length around 3150A.,*°*°* and there is no renewal of reflecting 
power as far as 500A.* A film of potassium, several wave-lengths thick, 
through which the sun’s disk is barely visible (i.e. the intensity is reduced by 
a factor of about half a million) is reported to transmit 25% of all light with 
wave-length shorter than 3000A.*°* In the transparent region the metal surface 
yields plane polarized light by reflexion of ordinary light at an angle in ac- 
cordance with Brewster’s law.°°? From measurements of the reflecting power 
and the Brewsterian angle for plane polarization, Wood*** calculated values for 
the refractive index of potassium ranging from 0°90 at 2147A. to 0°50 at 3100A. 
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Ives and Briggs®” studied the reflexion of monochromatic plane polarized 


light from potassium surfaces, and from measurements of the phase shift and 
the azimuth of restored linear polarization they calculated values for the re- 
fractive index (n), the extinction coefficient (K,), and the reflecting power for 
normal incidence (R). Table XIV shows their results. 


TABLE XIV.- OPTICAL CONSTANTS OF POTASSIUM 


Transmission curves for potassium films of several thicknesses calculated 
from the above results are shown in Fig. 5.°°° 
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FIG. 5. OPTICAL TRANSMISSION FOR POTASSIUM 
FILMS OF SEVERAL THICKNESSES 
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Other studies have given “0:06 for the refractive index of potassium using 
light of \ = 5461A.*°7 and ~0:09 for light of A = 5890A.**° The optical proper- 
ties of liquid potassium have been shown to be almost identical with those of 
the solid. so 

Optical properties of very thin (0*5 to 40mp thick) films of potassium have 
been studied by Hacman.*°°*** The refractive index and extinction coefficient 
vary with film thickness, and for the thinner films both show pronounced 
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maxima at wave-lengths in the region of 3600 to 3800A. 

Theoretical treatments of the optical properties of potassium and the other 
alkali metals have been made by several authors:*17°**7 in particular, atten- 
tion has been paid to the explanation of the transparency in the ultra-violet 
region. 

Studies have been made of anomalous dispersion in potassium vapour in 
the region of the first (red) and second (violet) doublets of the principal 
series, **°°*? and of magnetic double refraction (Voigt effect) in potassium 
vapour at various pressures.*”* 


Photoelectric Properties 


The photoelectric threshold of potassium is very sensitive to the condi- 
tions of measurement. It varies with the state of the surface and with film 
thickness, and is greatly affected by the presence of even slight traces of 
gas. The extreme sensitivity to small amounts of impurity makes it difficult 
to isolate the true photoelectric behaviour of the pure metal, and many effects 
that have been observed with supposedly pure metal are probably dependent on 
the presence of adsorbed gases. Several books concerned with photoelectri- 
city have paid considerable attention to potassium and other alkali metals.°**” 
} For thick layers of potassium the threshold wave-length appears to be in 
the region of 5500A. which corresponds to a photoelectric work function of 
2°24 e.v.*** Other values of**”? ~2:20 and 2°26 e.v.°**° have been given for the 
work function of thick, gas-free, potassium layers. Partially outgassed 
samples have given various values between 1*7 and 22 e.V.*** Theoretical 
values for the work function have included**? 2+20 and 2:09 e.v.*** 

When polarized light with its electric vector perpendicular to the plane of 
incidence is employed, the photoelectric emission increases steadily with 
decreasing wave-length at least to 1850A.; but with the electric vector in the 
plane of incidence, maxima at visible or near ultra-violet wave-lengths have 
been observed.*****” This is known as a selective effect. A maximum emis- 
sion at 4360A. has been reported**®**” for light with the electric vector in the 
plane of incidence, but it appears that this is not obtained with potassium of 
the highest purity.°*’ Fleischer,**? using a rigorously outgassed sample, 
found (for light with the E vector in the plane of incidence) maxima at 3130A. 
in both the light absorption and the photoelectric current curves, but when the 
photoelectric current was expressed in terms of light absorbed the maximum 
disappeared. On the other hand, the maximum in the photoelectric current 
which could be produced at 4360A. by adsorption of hydrogen on the surface, 
remained when expressed in terms of light absorption.**” Ives and Briggs** 
observed a close similarity between the light absorption and spectral response 
curves for potassium films on platinum—iridium mirrors, both exhibiting a maxi- 
mum at about 3400A. More recent spectral sensitivity measurements on very 
pure compact potassium have given a maximum around 4000A. with the sensiti- 
vity expressed in terms of incident light; in terms of light absorbed the sensi- 
tivity rose sharply from the long wave limit at 5500A. up to 4000A. and 
thereafter remained essentially constant.***? 

For potassium distilled a number of times in high vacuum a photoelectric 
yield of 5-10 x 10° coulombs per calorie of incident light has been obtained 
in the region of maximum sensitivity at 4400A.°* The spectral response 
curve tor another specimen of freshly distilled potassium is included in Fig. 
6°*° (see page 1527). A pure sample of compact potassium gave 2-5 x 10° 
coulombs per calorie in the region of the maximum at ~4000A.°**? 

The initial effect of the deposition of potassium onto a metal substrate is 
to shift the photoelectric response of the substrate to longer wave-lengths. 
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With increasing thickness the threshold wave-length passes through a maxi- 
mum and then returns to that for bulk potassium. The photoelectric emission 
continues to increase with increasing thickness up to greater thicknesses 
before dropping to the emission for the bulk metal. On a silver substrate, 
Brady,°*”* working at -180°C., found a maximum threshold of 5800A. at a thick- 
ness of 3 atomic layers, a final threshold at 5500A., and the maximum total 
photoelectric emission at 12°4 atomic layers. For films with thicknesses 
greater than 19 atomic layers the photoelectric properties were those of bulk 
potassium. These thickness estimates have since been considered to be too 
high because of the neglected roughness of the substrate.*** Another study**? 
has also given 5800A. for the maximum threshold of potassium on silver, the 
maximum selective effect being observed at 3430A. for an estimated film 
thickness greater than one monatomic layer. Ives and Olpin*** reported the 
maximum threshold for potassium on silver to be 7700A., close to the first line 
of the principal series (7899A.), a relationship that they also found for the 
other alkali metals. It has, however, been considered probable*** that their 
substrate contained some oxygen which is known to cause large threshold 
shifts. Using a platinum substrate, Suhrman and Theissing***® observed a 
maximum threshold greater than GOOOA. for an approximately monatomic layer, 
and a selective maximum at ~3500A. Mayer,® for potassium on platinum and 
tungsten, obtained the maximum photoelectric yield at a thickness less than 
one atomic layer. The behaviour on iron substrates has been described by 
Brewer. **” 

Other studies have suggested that the above effects are not properties of 
pure potassium. For example, Mayer**® found a continuous increase with 
thickness in the response of gas-free films of potassium on platinum, but a 
maximum was obtained for films in which gas had been deliberately introduced 
to about a unimolecular layer. Also, results obtained by Rentschler.and 
Henry**? using extremely clean sputtered metal surfaces onto which potassium 
was distilled suggest that the shift of the threshold to long wave-lengths for 
small thicknesses of potassium requires the presence of an impurity, such as 
oxygen, capable of reacting with the alkali metal. The theory of the effect of 
adsorbed potassium atoms and ions on the photoemission from metal surfaces 
has been discussed by de Boer and Veenemans.** 

At -180°C. the spectral distribution curve of potassium has been found to 
suffer a shift to shorter wave-lengths compared with that at +20°C.** The 
shift, which was reversible and reproducible, decreased from 500A. at the 


long-wave limit of 6500A. to 80A. in the blue. Above -80°C. and below 


-100°C. the response to monochromatic light was independent of temperature, 
but within this narrow range it suffered a sudden change which was attributed 
to a phase transition. The large value of the threshold wave-length compared 
with that for pure potassium (5500A.) suggests some surface contamination. 
Ives and Johnsrud*** using a cathode with a crystalline specular surface, pre- 
pared by slowly cooling molten potassium, found that the photoelectric emis 
sion decreased continuously from 60°C. to -180°C. The decrease was more 
marked with yellow light than with blue or violet light. Rough matt surfaces 
prepared by rapid solidification of potassium and distillation of further potas- 


sium onto the cold surface showed less temperature variation. The decrease 


of emission shown by the specular surfaces was attributed to an increase in 
work function with decrease of temperature. Other measurements*®*® have 


shown a continuous decrease in the photoelectric emission with decreasing © 


temperature down to 21°K., the change being much greater for red light than 
for blue. 

Investigations have been made of the velocity distribution 
tional distribution®**’ of photoelectrons from potassium surfaces. 


354°356 4nd direc- 
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A theory of the surface photoelectric effect in potassium has been given 
by Mitchell*****? who obtains fair agreement with experimental spectral distri- 
bution curves. 


Composite Photocathodes. 

When a thin (approximately monatomic) layer of potassium is separated 
from a metal substrate - either potassium or another metal - by a thin dielec- 
tric layer, the selective maximum can be greatly enhanced. Such composite 
layer surfaces may, for example, be produced by exposing a thick layer of 
potassium to atomic hydrogen which coats it with a thin layer of hydride onto 
which the final thin layer of potassium is deposited.**”*** The atomic hydro- 
gen for sensitization has been produced by a heated tungsten filament in 
hydrogen at low pressure, *°”*®* and by a glow discharge in hy drogen .°97794%761995:366 
In the latter case a trace of water vapour appears to be necessary, and 
mixtures of helium and water vapour have proved as effective as moist hydro- 
gen.*°© Because of the finite vapour pressure of potassium and the rapid sur- 
face migration of potassium ions the final potassium layer may be formed 
spontaneously if an excess of potassium is present.**' Fig. 6 shows the 
spectral response curves for a compact potassium surface (a) immediately 
after distillation and (b) after the passage of a glow discharge in hydrogen.**° 
The former curve is on a twenty times enlarged scale compared with the latter. 
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FIG. 6. SPECTRAL RESPONSE CURVES FOR A COMPACT POTASSIUM 
SURFACE (A) IMMEDIATELY AFTER DISTILLATION AND (B) AFTER 
PASSAGE OF A GLOW DISCHARGE IN HYDROGEN 


The selective maximum for surfaces prepared by the above methods has been 
reported as 4300A.,°°’ 4360A.*°**°? and 4400A.*”° Fleischer*®’ obtained a 
maximum photoelectric yield of 37*°9 x 10°? coulombs per calorie of absorbed 
light of wave-length 4360A., which corresponds to 25°7% of absorbed photons 
ejecting electrons. Riyanov*®? found a maximum increase (20 to 40 fold) in 
sensitivity when the number of hydrogen atoms adsorbed per cm.” was 3 x 10° 
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— i.e. the same as the number of atoms per cm.’ in a plane potassium surface. 
With more than twice this amount of hydrogen the sensitivity was less than for 
bulk potassium, but the maximum sensitivity could be restored by heating to 
607 }t0</0nG: 

Dry molecular hydrogen which does not react with pure potassium in bulk 
has no effect on the photoelectric emission of a solid potassium surface, **”*” 
but with a monomolecular layer of potassium on spongy platinum a covering 
layer of hydride forms and the photoelectric sensitivity is considerably re- 
duced.**° Deposition of a further layer of potassium is then necessary tc give 
the enhanced sensitivity.°°”°** Bosworth®*” found the photoelectric emission 
from a monatomic layer of potassium on tungsten to be unaffected by molecular 
hydrogen at temperatures up to 600°K., but when the potassium was converted 
into hydride by atomic hydrogen and then coated with a further film of potas- 
sium the film became very sensitive with a threshold at 8300A. An even more 
sensitive surface with a threshold at 9200A. was produced by covering a film 
of hydrogen on tungsten with potassium.*”° 

Kluge and Rupp*”* made an electron reflexion study of the structure of 
potassium surfaces sensitized in various ways by hydrogen and found that the 
maximum photoelectricsensitivity corresponded to small (atomic) potassium 
particles embedded in or on the potassium hydride surface. 

Replacing hydrogen by deuterium has resulted in no shift in the wave- 
length of maximum sensitivity.*”? 

Composite photocathodes incorporating potassium monoxide as the dielec- 
tric layer show a similar high photoelectric sensitivity. It was found by Pohl 
and Pringsheim*”* in 1913 that potassium exposed to dry oxygen at a pressure 
of a few tenths of a mm. of mercury became coated with a coloured layer and 
exhibited a strong selective maximum at 4050A. The top layer of potassium 
presumably forms spontaneously. The maximum sensitivity for this type of 
composite surface occurs with 4x 10°*g..of oxygen per cm.” of potassium.*”**”* 
Fleischer*’® exposed potassium to oxygen and produced a photoelectrically 
inactive black layer which after heating to the melting point of potassium 
showed a selective maximum at 3130A. It has been considered’®”’ that in this 
case there is no longer a K,O layer but merely a few adsorbed oxygen ions. 
A selective maximum at 3130A. was also found by Wiedmann.*”® For a layer 
of K,O topped by potassium on a silver substrate, Kluge*” observed two 
selective maxima at about 4100A. and 5000A. with a threshold at 8000A. A 
composite surface K-Ag-K,O-Ag has been reported to show a higher sensiti- 
vity over a wider range of wave-lengths than one without the internal silver 
layer: it had two selective maxima (one between 3300 and 3700A., the other 
at 5000A.) and to light from a gas-filled tungsten lamp (colour temperature 
2700°K.) it had a sensitivity of up to 20amp. per lumen.*#3* 

Many other substances have been reported to bring about sensitization of 
potassium surfaces. For surfaces treated with sulphur, selenium and tellu- 
rium, selective maxima appear at 4100A., 4250A. and 4300A. respectively.**” 
Surfaces sensitized with nitric oxide and nitrogen dioxide show strong selec- 
tive maxima at 3340A. and 3650A. respectively.**»*** An early study*® 
showed pure argon and nitrogen to be without effect on the sensitivity of 
potassium surfaces, but in later work****** nitrogen has been reported to give a 
selective maximum at 3650A. Carbon dioxide has been reported to give a 
maximum, whilst mercury was found to decrease the emission.**® Olpin?*”*** 
who investigated the effect of a wide variety of substances on potassium 
photocells, found that those enhancing the sensitivity included air, hydrogen, 
oxygen, water vapour, sulphur vapour, sulphur dioxide, hydrogen sulphide, 
carbon disulphide, tellurium, iodine, bromine, methyl alcohol, acetic acid, 
benzene, nitrobenzene, acetone, chloroform and a number of organic dyes of 
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the type used as sensitizers in photography. Suhrmann*©**%*°° found that a 
thin film of naphthalene topped by potassium gave a strong selective maximum 
at 4200A. but that with a film of paraffin there was no selective effect. At 
low temperatures, cells with naphthalene®’'*** show a second maximum at a 
shorter wave-length, while those with anthracene*’* show several short wave- 
length maxima. 

Sensitization of potassium surfaces by simultaneous treatment with two or 
more substances — for example, oxygen and hydrogen*’™*°*** or oxygen and 
sulphur**? - has been described. 

The general effects of low temperatures on surfaces of the type: alkali 
metal-intermediate layer-alkali metal is to cause a displacement of the spec- 
tral maximum to a shorter wave-length.*?? 

Spectral characteristics of potassium-antimony photocathodes have been 
studied®*®* 4 (cf, page 2311). 


Effect of Electric Fields. 

Electric accelerating fields reduce the work function of potassium sur- 
faces, ’®*?* the photoelectric threshold for pure potassium shifting from 56204. 
to 5880A. in a field of 36kV./cm.*”’ If a layer of oxygen separates a potas- 
sium film from a tungsten substrate the effect of the field depends on the 
thickness of the oxygen layer. For an approximately monatomic oxygen layer 
a threshold shift from 5830A. to 5960A. was produced by a field of 18°6kV./ 
cm., whilst with a thicker oxygen layer this field caused a shift from 7350A. 
to 7575A.*°’ For very thick oxygen layers the threshold is independent of 
field strength but the emission increases with increasing field strength. 


Photoionization. 

Photoionization of potassium vapour occurs at wave-lengths above and 
below the spectral series limit of 2856°6A. (¢.e. the wave-length corresponding 
to the ionization potential), Ditchburn, Turnstead and Yates,*’’ who mea- 
sured the absorption coefficient of potassium vapour by photographic spectro- 
metry, found that the atomic absorption cross section of potassium increased 
with decreasing wave-length from at least 3100A. to a peak (1:2. + 0°3 x 10° 
cm.”) near the series limit. It then decreased to a minimum at 2700A. before 
increasing steeply at least as far as 1700A. where it was about twenty times 
its value at the series limit. The absorption is entirely attributable to photo- 
ionization. Earlier measurements*” using a space charge detector gave simi- 
lar results down to 2300A., but showed a maximum at this wave-length. 
Ditchburn et al.*°? suggest that the maximum at 2300A. .was due to a neglected 
complication of the space charge detector. 

Other earlier studies of photoionization in potassium vapour were made by 
a number of authors.*°"**® The firstmeasurements were made by Williamson*°*°? 
who observed that the formation of positive ions began between 2800A. and 
3100A. and he presumed that it actually started at the spectral series limit 
(2856A.). His subsequent work*’® showed that there was ionization at longer 
wave-lengths than the series limit. It was at one time thought*°*°°*° that 
potassium molecules were responsible for the observed dependence of the 
ionization on wave-length but it was later realized*®° to be an atomic property. 

Bates*”’ has investigated the photoionization of atomic potassium by quan- 
tal methods and has shown that the general features of the observed behaviour 
can be understood. The calculations have been taken further by Seaton:*°’? 
an earlier treatment**® was less successful. 

Studies of the angular distribution of photoelectrons ejected from potas- 
sium vapour illuminated by polarized ultra-violet light have shown the most 
probable direction of ejection to be that of the electric vector.*'**** The dis- 
tribution varies as the square of the cosine of the angle between the electric 
vector and the direction in question. 
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The molecular absorption cross section of potassium shows a broad mini- 
mum of about 107'®cm.? between 3100A. and 2000A.*” It rises sharply outside 
these limits. 


Radioactivity 


The natural radioactivity of potassium has long been known (Mellor,II, 
467), but it was not until 1928 that the emission of y-radiation in addition to 
B-radiation was discovered.**® The absorption coefficient of the y-radiation 
in lead is about Oe6cm.™.*'7*!° Bocciarelli*7*”? in 1932 reported that the 
radiation from potassium had three components: a soft B-component with a 
velocity of about 0»83c (c = velocity of light), a harder B-component with a 
velocity about 0°93c, and a very hard y-component. Potassium has a lower 
B-ray activity than rubidium*’”*”* but the emission from potassium has a much 
greater penetrating power.”°** The source of the radioactivity is the isotope 
“°K which occurs in natural potassium to the extent of about 0-01%. Until the 
mid-1930’s, however, the radioactivity was attributed to “*K. This subject is 
discussed in more detail on page 1555. 


Miscellaneous Physical Properties 


The chemical constant of potassium has been discussed by several 
authors. **4914%4764399 Edmondson and Egerton**® gave it a value of 0:92 + 0°04, 
while Newmann and Volker’*? gave 1105 + 0°05. Other more recent calcula- 
tions have given 1126 + 0+1,**°? 

Ultrasonic waves of frequency 12Mc./sec. have a velocity of 1820 + 20 
m./sec. in liquid potassium at its melting point.°’? Between the melting point 
and 160°C. the temperature coefficient is -0°5m.sec."*de gree”. 

From the anomalous rise of electrical resistance that starts well below the 
melting point the activation energy for self-diffusion in potassium has been 
estimated as 9-1 + 0e1 kg.-cal./mole.*3°¢ 

By the use of the Stokes-—Einstein equation, the coefficient of diffusion of 
potassium in mercury at 8° to 15°C. has been calculated from the atomic 
radius and viscosity data to be 0:48cm.” per 24 hours,*** which is in reason- 
able agreement with the older experimental value (Mellor,II,456) of 0°53cm.? 
per 24 hours at 10°5°C. 

When alkali halide crystals are heated in contact with an alkali metal in 
the liquid or vapour state, the crystals acquire a stoicheiometric excess of 
alkali metal and assume a deep colour.**° The absorption band (F-band) 
giving rise to the coloration has a maximum in or near the visible region of the 
spectrum and the actual colour is characteristic of the crystal and not of the 
alkali metal. The absorbing centres responsible for the F-band are known as 
Farbzentren or F-centres**"° (see page 2526). In deeply coloured crystals 
the excess alkali metal may be present to the extent of about 1 part in 10° to 
10*. Potassium chloride and other crystals additively coloured with potas- 
sium have been prepared by a number of workers**"” ” who have studied such 
properties as their absorption spectra, photoconductivity and magnetic reso- 
nance. The rate of penetration of coloration into potassium chloride in con- 
tact with liquid potassium has been measured as 2:03mm./hr. at 700°, 0°87 
mm./br. at 600°, and 0»48mm./hr. at 500°.*#f Layers with very high colour- 
centre concentrations have been produced by evaporating in vacuo both alkali 
halides and free alkali metal and condensing the vapour on a cold plate.***8 
Coloration of alkali halide crystals also occurs when they are exposed to X- 
rays, electron bombardment, or pile irradiation.***0%" 

Studer and Williams**” obtained -00042 for the Hal] constant of potassium. 


More recently, Justi'** obtained -0+00350 at room temperature and —0:00352 at 
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20°4°K. Theoretical calculations of the Hall constant have given**? -0:004715 
and -(»00476,** 

From electrode potential measurements on amalgam systems, Klein and 
Lange** obtained electron work functions for a larger number of metals, their 
value for potassium being 1°60e.V. 

Direct determinations of the dielectric constant, €, of potassium vapour 
have been made at 500°C. for pressures of 10 to 100mm.Hg, the value at 10 
mm.Hg being 1-000920.*°° At low pressures ¢ - 1 is directly proportional to 
the pressure, and by assuming that this proportionality holds up to atmospheric 
pressure a value of 1:19 is obtained for the dielectric constant of potassium 


vapour at one atmosphere and 0°C. 


Scattering of a beam of potassium atoms has been studied in a number of 


41 Barkhatov, A. N., Vestnik Inzhenorov i Tekh., 1938 ,356-9. 


gases. 
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PROPERTIES OF THE POTASSIUM ION 


’ 


Some properties of the potassium ion, and some properties that relate to 
both the metal and its ion, have been dealt with under the appropriate sections 
above. Other properties of the Kt ion will be considered here. 


The Ion in Solution. 

At 25°C. the heat and free energy of formation of the aqueous potassium 
ion are -60°04 and -67°466 kg.-cal./g.-ion respectively.1 The absolute heat 
capacity of the Kt ion at infinite dilution has been calculated from measure- 
ments in various aqueous salt solutions.’ Assuming equal values for the 
heat capacities of the NH,* and Cl™ ions, that of the Na* ion has been given 
as -21°6 g.-cal./degree/g.-ion.“ From thermal data for the two ionization 
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processes KCl(solid) == kK (aq.) + Cl (aq.) and KBr(solid) — K *(aq. y+ 
Br (aq.) a mean value of 242 + 0e2 g.-cal./g.-ion/degree has been obtained 
for the entropy of the K* ion (relative to that of the H* ion) in mgt solu- 
tion at 25°C.: values from the individual processes were 24*2 + 0e2 and 243 
+ 08 respectively.* The U.S. Bureau of Standards selected value! for the 
entropy of the aqueous potassium ion at 25°C. is 245 g.-cal./g.-ion/degree. 

After calculating the effective diameter of the hydrated potassium ion by a 
variety of methods, Kielland* took a rounded value of 3 x 10° cm. for this 
dimension and then used the Debye-—Huckel theory to compute the values of 
activity coefficient for the potassium ion in aqueous solution at 25° that are 
shown in Table XV. 


TABLE XV.- ACTIVITY COEFFICIENTS OF THE 

K+ ION IN AQUEOUS SOLUTION AT 25°C. 

0-001 | 0-002 | 0-005 | O01 | 0-02 | 0-05 
0°975 | 00964 | 06945 | 0-925 | 06899 | 0°85 

The indefinite significance of ionic solvation numbers has been discussed 
by Bockris* who has distinguished between primary and secondary solvation 
(see page 56). Even when using methods considered to give a measure of 
the primary solvation - viz. methods employing ionic mobility, ionic entropy, 
compressibility and partial molar volume - the resulting values for the K* ion 
show considerable variation. Thus, the methods mentioned above have 
yielded values of 4, 2, 3 and O respectively.* In the case of the first of 
these, the value was extrapolated to aqueous solutions from results in alco- 
holic solutions. 

Independent treatments by. Latimer and co-workers® and by Verwey® have 
led respectively to values of 758 and 75 kg.-cal.g.-ion™ for the heat of hydra- 
tion of the potassium ion, to 73°5 and 72 kg.-cal.g.-ion™ for the free energy of 
hydration, and to 8and11-0Qg.-cal.g.-ion"*degree™ for the entropy of hydration. 
Earlier, Bernal and Fowler’ made use of two methods to calculate values of 94 
and 92 kg.-cal.g.-ion™ for the heat of hydration of the K* ion. A calculation 
by Webb® gave 81:9 kg.-cal.g. -ion “' for the free energy of hydration. Rather 
than follow Bernal and Fowler’s’ basic assumption of equal heats of hydration 
for the equi-radial K* and I” ions, Miscenko,°® in separating the heats of 
hydration of salts into values for the individual ions, has ascribed equal heats 
of hydration to the Cs* and I” ions on the grounds that the difference in their 
radii is compensated by the dipole moment asymmetry in the water molecule. 
By this means he obtained 80 kg.-cal.g.-ion™ for the heat of solvation of the 
Kt ion. In an earlier paper, Miscenko,* again using thermochemical data on 
the solvation of salts, gave the heat of solvation of the K* ion in water as 78 
kg.-cal.g.-ion™*, and in ethyl alcohol as 79 kg.-cal.g.-ion™”. From the Bjerrum 
equation for solvation the same author calculated values of 124, 126 and 128 
kg.-cal.g.-ion™ for the heat of solvation of the Kt ion in water, methyl alcohol 
and ethyl alcohol respectively: from the Bom equation for solvation he calcu- 
lated 122, 120 and 119 kg.-cal.g.-ion™ for the solvation energies in the same 
three solene A number of dubious assumptions are, however, involved in 
these calculations.*° 

A recent compilation*’ of ionic mobilities gives the values in Table XVI 
for the equivalent conductivity or mobility of the potassium jon at infinite 
dilution in water. 

The value at 100°C. is said to be reliable only within several units, while 
the values at 5°, 15°, 25°, 35° and 45°C. are reliable to within the last figure 
given, and those at 0°C. and 18°C. to within two or three units in the last 
figure given. In deuterium oxide at 25°C. the mobility of the potassium ion at 


Total ionic concentration 
| Activity coefficient 


Refs. p. 1543 


44e2 PHYSICAL PROPERTIES 1541 


TABLE XVI.- MOBILITY OF THE POTASSIUM 
ION AT INFINITE DILUTION IN WATER 
ees 5 15 18 25 35 45 
ne Pies 596, | 63-9 | 73650 | 882, | 103-4, 

oS dilution is 61+23:'? at 18°C. it is 54: 5. 4249 In methyl alcohol the 
mobility at infinite dilution has been given as** 536 and** 52°40 at 25°C. and 
as’* 39+35 at 4°C., while in ethyl alcohol’? it is 2085 at 25°C. and 13°53 at 
49°C. There is a substantial body of data for the conductivity of potassium 
salts in other non-aqueous solvents but few transport number data corres- 
ponding to them. Mobilities of the potassium ion in a range of non-aqueous 
solvents have been deduced,***® however, by the use of such relationships as 
that between conductivity and , Viscosity (Walden’ s rule). The heat of trans- 
port’’ and entropy of transport*® of the Kt ion have been studied. 

By the use of Nemst’s limiting formula D° = RTA,/zF’ diffusion coeffi- 
cients at infinite dilution may be ca doulatcd from the above mobility data. In 
this way a value of 196 x 10°cm. ‘secur 01S obtained for the self-diffusion 
coefficient of the potassium ion at infinite dilution in water at 25°C. Self- 
diffusion coefficients for the K* ion in aqueous solutions of potassium iodide’® 
and potassium chloride*?® at 25°C. have been determined by means of the 
open-ended capillary tube method using **K as radio-tracer (Tables XVII and 
XVIII). 


TABLE XVII. - SELF- DIFFUSION COEFFICIENTS OF Kt IN KI(AQ.) AT 25°C 
D x 10° em.?/sec. | 


1°970 
2°005 + 0030 
2°060 + 0°040 
2030 + 0-030 
2080 + 0°050 
2°030 + 0-040 
1°910 + 0-050 
1°850 + 0°060 


K* concentration g.-ion/litre 


TABLE XVIII.- SELF-DIFFUSION COEFFICIENTS OF Kt IN KC](AQ.) AT 25°C. 
D x 10° cm.?/sec. | 


16890 + 0-01 

1°87 + 0°029 
2°033 + 0°034 
2°135 + 0°004 
2°113 + 0-040 
29013 + 0°040 
1°903 + 0-010 


Kt concentration ge -ion/litre 


The maximum in the diffusion coefficient/ionic concentration curve has been 
_ explained’?” by ascribing the rise to disorder in the solvent and the decrease 
from the maximum to ion dipole interaction. Another possible explanation is 
that the degree of hydration of the potas sium ion changes with concentration.” 
| The specific viscosity of the K* ion in 0»1N. aqueous solution has been 
_ calculated as -0°0030.” 
Values” for the magnetorotary power of the potassium ion (in min.cm. 

gauss g.-ion’) resulting from the work of Okazaki on the Faraday effect in 
aqueous salt solutions are as follows; the value for the hydrogen ion is taken 
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as zero:- 
Wave-length, A. 5900 5500 5100 4700 4300 3900 3500 
[.] 0:24 26 033 39 050 064 0:77 


The contribution of the potassium ion to Okazaki’s molecular magnetorota- 
tion constant, ®, (see page 422) is 0°61 x 10°**.”? 

The refractivity of the potassium ion in aqueous solution for the sodium 
D-line is 2+23.7* ) 

Exchange of Kt ions with other ions has been studied using many of the 
cationic exchange resins that have been developed during recent years.7°” »7** 
It has also been studied in soils, clays and minerals.?” Most attention has 
been paid to the system K-H?9/?8%9-6%44 but other systems to have received 
attention include K-Na,?%?% K-Li,?3%7 K-NH,,72°°P?S K-T1,77 ' K-Ag, 8%! 
K-Cu, °° K-Ca,7°55 K-Ba,**” K-Mg.™* For ions of equal charge the strength 
of binding of an ion by an exchanger increases with decreasing hydrated 
radius, and in dilute solutions the adsorption or exchange affinities of alkali 
metal ions follow the series Cst>Rb'>K*t>Nat>Lit .73%?5 Jon exchange is 
‘better dealt with from the viewpoint of the exchanger than from that of the 
individual ion and so will receive no detailed treatment here: there are a 
number of specialist books that may be consulted for further information on .ion 
exchange and its applications. *"~* 


The Gaseous Ion. 

Various ion sources for gaseous K* ions have been described, a widely 
used method of production being to heat certain potassium compounds.**** 
Potassium aluminium silicates??***** e.g.” 3K,0, Al,O;, 2SiO, and mixtures of 
iron oxide and a potassium salt™**”*®*4°* (Kunsman catalysts) have been used 
for this purpose. In another method, potassium atoms obtained by vaporiza- 
tion of the metal are ionized when they impinge on a hot tungsten or platinum 
filament.°°** Using either method the resulting ions may be accelerated to the 
required potential in an electric field. A typical ion emission intensity is of 
the order of 10°*amp./cm.”.7”°”*” Potassium ions can also be produced by the 
use of high-speed charged particles or short wave-length radiations (see also 
pages 1523 and 1529). 

The heat of formation of the gaseous potassium ion is 12181 kg.-cal.g.- 
ion™ at 0°K. and 123-07 kg.-cal.g.-ion™ at 298+16°K.* } 

At 20°C. and a pressure of one atmosphere the mobility of the K* ion (in 
cm./sec./volt/cm.) in various gases is as follows:-*%*° 


Helium 22°3 ‘ 


Neon 7°88 
Argon 2°77 
Krypton 1°98 
Xenon 1°50 


Hydrogen = 13°5 
Nitrogen 2°70 


Other measurements***? agree well with the above. The temperature varia- 


tion of the mobility in argon has been studied between 78° and 460°K.,*” and 
mobility measurements have also been made in argon-xenon mixtures.** In 
the presence of water vapour, alkali metal ions acquire a cluster of water 
molecules which reduces their mobility. The mobility of the K* ion has been 
studied in helium, neon, argon and xenon containing small concentrations of 
water vapour, and the reduction in mobility amounts to 20% to 50%.** In argon 
and xenon an upper limit of six has been assigned to the number of water 
molecules in an ion cluster, but the actual number is probably less. Measure- 
ments have also been made in pure water vapour,** and the mobility of Kt ions 
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in the Bunsen flame has been studied.** ; 
A considerable amount of work has been done on ionization of the inert 


gases by potassium ions.**'*74®®° Beeck and Mouzon®**? reported that, in 
general, an inert gas was most easily ionized by the ions of the alkali metal 
nearest to it in the Periodic Table, and the potentials (ion velocities) required 
by K* ions to ionize neon, argon, krypton and xenon were given as 320, 95, 80 
and 120V. respectively. It has, however, been suggested*’®* that in these 
measurements there was some interference from secondary electrons. In later 
investigations, Varney, ** using a space-charge method sensitive to any result- 
ing positive ions but unaffected by secondary electrons from the walls, ob- 
tained values of 82, 69 and 114V. for the potentials required for ionization of 
argon, krypton and xenon respectively. No ionization of helium by K* ions 
with potentials up to 500V. was found by Varney,*? but other workers have 
reported ionization at considerably lower potentials. Davies*” reported that 
ionization of helium by K* ions began at an accelerating potential of about 
450V., whilst Frische** obtained a potential less than 400V. and Sutton and 
Mouzon*® gave 150 to 200V. 

Several studies have been made of the scattering of potassium ions in 
mercury vapour and of the ionization of mercury vapour by potassium ions.°**°°°" 
Frische**** reported no ionization of mercury vapour below 250V. but found 
that above 250-350V. the ionization increased with increasing potential. In 
other work, Varney et al.°° reported no ionization up, to 300V. 

Ionization of other gases such as nitrogen, +5559 hydrogen,”’°* carbon 
monoxide*® and carbon dioxide®’ by potassium ions has also been studied. 
Schmidt®**? studied the scattering and loss of velocity of 25V. and 200V. 
potassium ions in a number of gases and vapours including carbon monoxide, 
carbon dioxide, methyl chloride, methane, ethane, isobutane, ethylene, iso- 
butylene, acetylene, butadiene and ammonia, as well as nitrogen, hydrogen, 
oxygen and the rare gases. 

Reflexion of potassium ions and emission of electrons on bombarding both 
solid and liquid metal surfaces with potassium ions has been studied.*°? © 

By applying an electric field between an anode in potassium vapour and a 
cathode placed on the other side of a glass diaphragm enclosing the vapour, 
potassium ions may be carried from the gas phase into the glass.°° Warburg 
and Tegetmeier®® in 1888 found that lithium and sodium ions under the in- 
fluence of an electric field would migrate through quartz plates in a direction 
parallel to the principal crystallographic axis, but that potassium ions under 
similar conditions would not. It has been suggested’ that lithium and sodium 
ions are small enough to pass through tunnels in the quartz while potassium 
ions are too large. Migration of potassium ions through quartz plates in the 
direction of the principal axis has since been observed, but the oxygen frame- 
work of the quartz undergoes distortion.°™ 

The ionic refractivity of the free potassium ion for the sodium D-line is 
2°23.7° Values for the polarizability of the potassium ion include 080 x 
ee 4 x 10.0 .°5 0587 x 10-7 +0-02-x 10°*;° and &88 x 10.** ‘Other 
dielectric parameters of the potassium ion have been evaluated.’”°”? 


References 


1 U.S. Bur. Stand. Circ. No. 500, Selected Values of Chemical Thermodynamic 
Properties, Washington, 1952. 
Ja Mischenko, K. P. & Ponomareva, A. M., Zhur. Fiz. Khim., 1952,26,998-1006. 
(47,6240) 
1b Kapustinskii, A. F., Yakushevskii, B. M. &Drakin, S.I., Zhur. Fiz. Khim., 
1953 ,27, 793-8. (49,2850) 
2 Latimer, W.M., Pitzer, K.S. &Smith, W. V., J.A.C.S., 1938,60,1829-31. (32,7808) 


1544 POTASSIUM | 44o2 


3 Kielland, J., J.A.C.S., 1937,59, 1675-8. (31,8325) 
4 Bockris, J. O’M., Quart. Rev. Chem. Soc., 1949,3,173-80. (43,730 1) 
5 Latimer, W. M., Pitzer, K.S. &Glansky, C.M., J. Chem. Phys., 1939,7,108-11. 
(33, 239.7) 
6 Verwey, E. J. W., Chem. Weekbi., 1940,37,530-5. (36,5411) 
7 Bernal, J. D. & Fowler, R.H., J. Chem. Phys., 1933,1,515-48. (27, 523.2) 
8 Webb, T. J., J.A.C.S., 1926,48, 2589-603. (20, 3622) 
8a Miscenko, K. P., Zhur. Fiz. Khim., 1952,26, 1736-60. (47,6225) 
9 Miscenko, K.P., Acta Physicochim. U.R.S.S., 1935,3,693-702. (31,4883) 
10 Conway, B. E., Electrochemical Data, Amsterdam, 1952,374pp. (47,2615) 
11 Robinson, R. A. & Stokes, R. H., Electrolyte Solutions, London, 1955,512pp. 
(49, 11388) 
12 Chittum, J. P. &LaMer, V.K., J.A.C.S., 1937,59, 2425-30. (32, 1546) 
12a Lewis, G.N. &Doody, T. C., J.A.C.S., 1933,55,3504-6. (27, 4730) 
13 Ogston, A.G., Trans. Faraday Soc., 1936,32, 1679-91. (31,5245) 
14 Jervis, R. E., Muir, D. R., Butler, J. P. &Gordon, A. R., J.A.C.S., 
1953, 75, 2855-8. (47,9726) 


15 Walden, P., Landolt-Bornstein, ‘Physikalisch-chemische Tabellen’, Berlin, 
1927,Eg.1,622-3; 1931,Eg. II,1063-4; 1936,Eg¢. ITI, 2064-7. 


16 Sutra, G., J. Chim. Phys., 1946,46,279-89. (41,6793) 
17 Wirtz, K., Z. Phys., 1948,124,482-500. (43,8835) 
18 Goodrich, J. C., Goyan, F.. M., Morse, E. E., Preston, R. G. & Young, M B., 
J.A.C.S., 1950,72, 4411-8. (45,3693) 
19 Mills, R. &Kennedy, J. W., J.A.C.S., 1953,75, 5696-701. (48,3110) 
19a Friedman, A. M. &Kennedy, J.W., J.A.C.S., 1955,77, 4499-501. (49, 15387) 
19b Wang, J. H., J.A.C.S., 1952,74, 1182-6. (46,6469) 
20 Tollert, H., Z. phys. Chem., 1935,A172, 129-43. (29,3217) 


21 Cappeller, U., Landolt-Bornstein, ‘Zahlenwerte und Funktionen’, 

1950, 6th edn. , Vol. I, Pt. I,.427. 
22 Okazaki, A., Science, Japan, 1942,12,196. (44, 10399) 
23 Fajans, K. & Joos, G., Z. Phys., 1924,23, 1-46. (18,2103) 
23a Boyd, G. E., Schubert, J. & Adamson, A. W., J.A.C.S., 1947,69,2818-29. (42,1780) 
23b Boyd, G. E., Adamson, A. W. & Myers, L.S., J.A.C.S., 1947,69, 2836-48. (42,1781) 


23c Kressman, T. R. E. &Kitchener, J. A, J.C.S., 1949,1190-201. (43,8792) 
23d Kressman, T. R. E. &Kitchener, J. A., J.C.S., 1949,1211-3. (43,8792) 
23e Kressman, T. R. E. &Kitchener, J. A., Discuss. Faraday Soc., 

1949 ,No. 7,90-104. (45, 19) 
23f Kakihana, H., J. Chem. Soc. Japan, 1951,Pure Chem. Sect. ,72, 255-8. (46, 847) 
23g Oda, R. &Shimizu, H., High Polymers (Japan), 1949,6,346-50. (46,1186) 
23h Bonhoeffer, K. F., Miller, L. &Schindewolf, U., Z. phys. Chem., 

1951,198, 270-80. (46,4883) 


23i Bonhoeffer, K. F. &Schindewolf, U., Z. phys. Chem., 1951,198,281-5. (46,4883) 
23] Peremyslova, E. S. &Stashko, R. P., J. Appl. Chem. U.S.S.R., 


1951,24,995-7; Zhur. Prikladnoit Khim., 1951,24,877-9. (47,4167) 
23k Wiklander, L.& Nilsson, E., Acta Agr. Scand., 1952,2,197- 209. (47,6215) 
231 Manecke, G., Z. phys. Chem.,. 1952,201, 193-210. (47,7290) 
23m Sakaki, T. &Kakihana, H., Kagaku no Ryoiki, 1953,23,471-2. (47,10951) 


23n Epshtein, Y. A., Jssledov. v Oblasti Khromatog., Trudy Vsesoyuz, 
Soveshchaniya Khromatog., Akad. Nauk S.S.S.R., Otdel. Khim. Nauk, 


1950,211-25(pub. 1952). (48, 2443) 
230 Wyllie, M. R. J. &Kanaan, S.L., J. Phys. Chem., 1954,58,73-80. (48,3756) 
23p Keenan, C. W.&McDowell, W. J., J.A.C.S., 1953,75,6348. (48,4304) 
23q Davies, C. W. Yeoman, G. D., Trans. Faraday Soc., 1953,49, 975-80. (48, 5597) 
23r Dickel, G. & Meyer, A., Z. Elektrochem., 1953,57,901-8. (48, 5624) 
23s Bonner, O. D. & Payne, W.H., J. Phys. Chem., 1954,58, 183-5. (48,6777) 
23t Bonner, O. D., J. Phys. Chem., 1954,58,318- 20. (48,7389) 


23u Sujata, A. D., Univ. Microfilms, 1954,Pub. No. 7741, 143pp.; Dissert. Abstr., 
1954,14,650. (48,8447) 
23v Kanamaru, K., Nagasawa, M. & Nakamura, K., J. Chem. Soc. Japan, 


1953,56,435-7. (48, 11147) 
23w Saldadze, K. M., Koll. Zhur., 1954,16,284-6. (48, 13339) 
23x Saldadze, K. M.& Bozhevol’nov, E. A., Koll. Zhur., 1954,16,387-9. (49, 2815) 


23y Hiester, N. K., Phillips, R. C. &Cohen, R. K., Chem. Eng. Prog. Symposium 
Ser., 1954,50,No. 14,51-72. (49, 1378) 
23z Whitcombe, J. A., Banchero, J. T. & White, R. R., Chem. Eng. Prog. Symposium 
Ser., 1954,50,No. 14,73-85. (49,2149) 


Adi? PHYSICAL PROPERTIES 1545 


24 Kunsman, C. H., Science, 1925,62, 269-70. 
24a Gregor, H.P., Abolafia, O. R. & Gottlieb, M.H., J. Phys. Chem., 
1954,58, 984-6. (49, 2814) 


(19,3422) 


24b Tetenbaum, M. & Gregor, H.P., J. Phys. Chem., 1954,58, 1156-63. (49,2814) 
24c Bonner, O. D., Easterling, G. D., West, D. L. & Holland, V. F., J.A.C.S., 
1955,77, 242-4. (49,5079) 


24d Nagamatsu, M., Seiyama, T. &Sakai, W., J. Electrochem. Soc. Japan, 
1954,22,362-5. (49,9415) 


24e Reiner, E., Schulz, K. F. & Tezak, B., Arhiv Kem., 1955,27,93-6. (49, 15361) 
25 Kunsman, C.H., J. Chem. Educ., 1929,6,623-33. (23,340 2) 
25a Jenny, H., J. Phys. Chem., 1932,36, 2217-58. (26, 5242) 
256 Brown, D. A. & Albrecht, W. A., Soil Sci. Soc. Amer., Proc., 

1950,15, 133-8(Pub. 1951). (46, 202) 
25c McLean, E. O., Soil Sci. Soc. Amer., Proc., 1950,15,102-6(Pub. 1951). (46, 206) 


25d Menzel, R. G. & Jackson, M.L., Trans. Intern. Congr. Soil Sci. 4th Congr., 

Amsterdam, 1950,1, 125-8;1V,80.(46, 1199) 
25e Romero, G.R., Acta Agron., 1950,No. 1,1,51-6. 
25f Ganguly, A. K. & Mukherjee, S.K., J. Phys. Coll. Chem., 1951,55, 1429-46. 


(46,2729) 


(46,2875) 
25g Inaba, A. &Sasaki, T., Mem. Fac. Sci., Kyusyu Univ., 1950,Ser.C, Chem. ,1, 211-6. 
(46,3828) 
25h Weiss, A. & Hofmann, U., Z. Naturforsch., 1951,6b,405-9. (46,6044) 
25i Mooney, R. W., Keenan, A. G. & Wood, L. A., J.A.C.S., 1952,74,1367-71. (46,6460) 
25; Stahlberg, S., Acta Agr. Scand., 1952,2,11-42. (46, 10062) 
25k Barrer, R. M. & Hinds, L:, J.C.S., 1953,1879-88. (47, 10308) 
25l Norrish, K., Nature, 1954,173, 256-7. (48,5455) 
25m Faucher, J. A. & Thomas, H.C., J. Chem. Phys., 1954,22,258-61. (48,6193) 
25n Davydov, A. T. & Levitskii, I. Y. Ukrain. Khim. Zhur., 1953,19,331-6. (49,2151) 
250 Barrer, R. M. & Raitt, J.S., J.C.S., 1954,4641-51. (49,3614) 
25p Rios, E. G. & Ruiz, J.C., An. Edafol. y Fisiol. Vegetal (Madrid), 
1954,13,791-841. (49, 5923) 
25q Barshad, I., Soil Sci., 1954,77, 463-72. (49, 8540) 
25r Barshad, I., Soil Sci., 1954,78,57-75. (49,9849) 
25s Davydov, A. T. &Skoblionok, R. F., Trudy Nauch.-Issledovatel. Inst. Khim., 
Khar’kov. Univ., 1953,10, 195-203. (49, 10003) 
25t Woodruff, C.M., Soil Sci. Soc. Amer., Proc., 1955,19, 36-40. (49, 10557) 
25u Barrer, R. M. &Sammon, D.C., J.C.S., 1955,2838-49. (49, 15439) 
25v Nachod, F.C., Jon Exchange, New York, 1949,400pp. (43,3278) 
25w Kunin, R. & Myers, R. J., Jon Exchange Resins, New York, 1950,204pp. (45,1704) 
25x Samuelson, O., Jon Exchangers in Analytical Chemistry, New York, 
19 53,310 pp. (47,3760) 


25y Society of Chemical Industry, Jon Exchange and its Applications, London, 
; 1955. . 


8 


26 Sutton, R.M., Phys. Rev., 1929,33,364-72. (23,4134) 
27 Williams, N. H. & Huxford, W.S., Phys. Rev., 1929,33,773-88. (23,5409) 
28 Poirot, A., Compt. Rend., 1930,190,735-6. (24,3428) 
29 Jones, E.J., Phys. Rev., 1933,44, 707-10. (28, 1268) 
30 Nordmeyer, M., Ann. Phys., 1933,16,697-705. (27, 2871) 
31 Varney, R.N., Phys. Rev., 1935,47, 483-7. (29,3592) 
32 Davies, A.C., Proc. Roy. Soc., 1936, A155, 123-41. (30,5113) 
33 Bumann, H., Z. Phys., 1936,101, 1-12. (30, 7031) 
34 Blewett, J.P. &Jones, E. J., Phys. Rev., 1936,50, 464-8. (30,8001) 
35 Maurer, W., Z. Phys., 1936,101,323-34. (30,8002) 
35a Eremeev, M. A. & Ash, L. K., Zhur. Tekh. Fiz., 1953,23,435-40. (49,4398) 
36 Ives, H. E., J. Franklin Inst., 1926,201,47- 69. (20, 866) 
36a Weigle, J. J. & Plesset, M.S., Phys. Rev., 1930,36,373-4. (26,3439) 
37 Keck, P. &Loeb, L. B., Rev. Sci. Instr., 1933,4,486-90. (27, 5637) 
38 Poeverlein, H., Ann. Phys., 1936,27,92-6. (31,5670) 
39 Tyndall, A.M. & Powell, C. F., Proc. Roy. Soc., 1932,A136, 145-52. (26,3988) 
40 Powell, C. F. & Brata, L., Proc. Roy. Soc., 1932,A136, 117-32. (27,4225) 
41 Munson, R. J. & Tyndall, A.M., Proc. Roy. Soc., 1939,A172, 28-42. (33,8104) 
4la Hershey, A. V., Phys. Rev., 1939,56,908-15. (34, 672) 
42 Hoselitz, K., Proc. Roy. Soc., 1941,A877, 200-4. (35, 2787) 
43 David, H. G. &Munson, R. J., Proc. Roy. Soc., 1941,A177, 192-9. (35,2787) 
44 Munson, R. J., Proc. Roy. Soc., 1939,A172, 51-4. ~ (33,8105) 


1546 POTASSIUM 4he3 


45 Banta, H. E., Phys. Rev., 1929,33, 211-6. (23,2648) 
46 Sutton, R. M. &Mouzon, J.C., Phys. Rev., 1930,35,694-8. (24,3428) 
47 Beeck, O., Naturwiss., 1930,18, 719. (24,5217) 
48 Beeck, O., Ann. Phys., 1930,6,1001-24. (25,872) 
49 Sutton, R. M. & Mouzon, J.C., Phys. Rev., 1931,37,379-82. (25,3559) 
50 Beeck, O. &Mouzn, J.C., Phys. Rev., 1931,38,967-8. (26, 368) 
51 Beeck, O. &Mouzon, J.C., Ann. Phys., 1931,11,737-40. (26, 905) 
52 Beeck, O. &Mouzon, J.C., Ann. Phys., 1931,11,858-62. (26, 905) 
53 Mouzon, J.C., Phys. Rev., 1932,41,605-12. (26,5831) 
54 Frische, C., Phys. Rev., 1932,40,1050. (27,5006) 
55 Frische, C,, Phys. Rev., 1933,43,160-8. (27, 1814) 
56 Nordmeyer, M., Ann. Phys., 1933,16, 706-19. (27,2873) 
57 Mouzon, J.C., Phys. Rev., 1933,44,688. (28, 316) 
58 Beeck, O., Ann. Phys., 1933,18,414-6. (28, 1862) 
59 Varney, P.R., Phys. Rev., 1934,46, 235. (29,3592) 
60 Varney, R. N., Gardner, M. E. &Cole, A.C., Phys. Rev., 1937,52,526-7. (31,7743) 
61 Chaudhri, R.M., Proc. Roy. Soc., 1933,A141, 386-97. (27,4973) 
6la Schmidt, O., Z. Elektrochem., 1934,40,498-9. (28, 662 1) 
61b Schmidt, O., Ann. Phys., 1934,21, 241-73. (29, 1707) 
61c Schmidt, O., Ann. Phys., 1936,25,92-6. (30,1648) 
61d Schmidt, O., Z. Elektrochem., 1936,42,8-21. (30,2480) 
62 Rouse, A., Proc. Iowa Acad., 1935,42,152. (30, 8000) 
63 Rouse, A., Phys. Rev., 1937,52, 1238-44. (32,1568) 
64 Rouse, A., Proc. Iowa Acad., 1937,44, 150-1. (33, 34) 
65 Gumey, R. W., Phys. Rev., 1928,[2],32, 795-8. (23,3851) 
66 Stiiber, C., Z. phys. Chem., 1935,A172, 401-28. (29, 4654) 
66a Read, G. E., Phys. Rev., 1928,31, 629-33. (22,2318) 
666 Weith, W., Ann. Phys., 1937,29, 189-208. (31,6098) 
66c Eremeev, M. A., Doklady, 1951,79,775-7. (46,1346) 


66d Eremeev, M. A. &Shestukhina, V. V., Zhur. Tekh. Fiz., 1952,22, 1267-8; 
Sci. Abstr., 1953,56A, 786. (49, 11403) 
66e Eremeev, M. A. & Yur’ev, V.G., Zhur. Tekh. Fiz., 1952,22,1290-5; Sci. 
Abstr., 1953,56A, 786. (49, 11403) 
66f Eremeev, M. A, & Matskevich, T. L., Zhur. Tekh. Fiz., 1952,22,1296-300; 
Sci. Abstr., 1953,56A, 786. (49, 11403) 
66g Warburg, E. & Tegetmeier, F., Ann. Phys., 1888,35,455-67. 


66h Harris, P. M. & Waring, C. E., J. Phys. Chem., 1937,41,1077-85. (32, 1167) 
66i Verhoogen, J., Amer. Min., 1952,37,637-55. (48, 7378) 
67 Mayer, J. E. & Mayer, M.G., Phys. Rev., 1933,43, 605-11. (27,3140) 
68 Pauling, L., Proc. Roy. Soc., 1927,A114,181-211. (21,1925) 
69 Born, M. & Heisenberg, W., Z. Phys., 1924,23,388-410. (18,2837) 
70 Roberts, S., Phys. Rev., 1949,76, 1215-20. (44, 392) 
71 Roberts, 8., Phys. Rev., 1950,77, 258-63. (44, 2811) 
72 Roberts, S., Phys. Rev., 1951,81, 161. (45,2278) 


SOLUTIONS OF POTASSIUM AND SOLUBILITIES IN POTASSIUM 
Solutions of Potassium in Liquid Ammonia 


Potassium dissolves in liquid ammonia to give solutions having a blue 
colour when dilute and a metallic copper-like appearance when concentrated.’ 
The absorption spectrum of dilute solutions shows a single broad absorption 
band with a- maximum around 6700cm.“* and a width at half-height of about — 
3000cm.~*.*? Solutions of maximum stability may be prepared by the technique 
described for sodium? (see page 427). Decomposition of the solutions is 
catalyzed by even minute traces of impurities. The solubility of potassium in 
liquid ammonia increases slightly with increase of temperature; the composi- 
tion of saturated solutions expressed in g.-moles of ammonia per g.-atom of 
potassium is 468 at 0°C., 495 at -33°5°C. and 5°05 at -50°38°C.° Over a 
wide range of concentrations the heat of solution is virtually zero.** 

A study of the phase diagram for the system potassium-ammonia at tempe- 
ratures below the freezing point of ammonia (-78°C.) has shown the presence 
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of a eutectic at about 15 mole-% potassium, the eutectic temperature being 
-157°C.*’ The solid is a mixture of ammonia and silvery potassium crystals: 
ammoniates are not formed in this system. There is some doubt whether or 
not separation into two liquid phases occurs at temperatures a little above 
-78°C.’ Ogg® has reported that on cooling very dilute solutions (10% to 10° 
M.) of potassium in ammonia to temperatures down to -180°C. a single homo 
geneous crystalline phase separates out. This has a blue colour visually 
identical with that of the corresponding liquid phase. 

Potassium adsorbed on films of solid ammonia at -183°C. and at a pres- 
sure of 10° to 10mm.Hg shows the same coloration and optical absorption as 
in solutions.® A light absorption band at 1*15u is observed in thin layers of 
ammonia containing small amounts of potassium, sodium or lithium at 20°K.?® 
In addition. there are bands characteristic of the actual alkali metal employed. 

The density of solutions of potassium in liquid ammonia is less than that 
of either of the constituents. Density values at - 332°C. are given in Table 
XIX?° (density NH, at -33°2°C. = 0°6816). 


TABLE XIX.- DENSITY OF SOLUTIONS OF POTASSIUM 
IN LIQUID AMMONIA AT - 332°C. 


Moles NH,/Atom K 4°95 (satd.) 7°03 9°65 11°20 13-20 
Density 0°6282 0°6351 ! 0°6433 | 066483 | 0°6522 | 


Moles NH,/Atom K 1775 - | 23618 
Density 0°6598 0:6659 


The volume expansion on solution has a maximum value of 2%80c.c.per g.- 
atom of potassium for a solution containing about 10:5 g.-moles of ammonia to 
each g.-atom of potassium; fora saturated solution it is 27°28 c.c. per g.-atom 
of potassium. Saturated solutions have densities varying from 0628 at 
—322°C. to 0°638 at —49°6°C.** 

Fig. 7 shows the vapour pressure behaviour of solutions of potassium in 
ammonia at -—50°38°C., -33°5°C. and O°C.* The horizontal portion of each 
curve corresponds to a region where excess solid potassium is present, the 
sudden rise in vapour pressure commencing at the saturation composition. 
The vapour pressures of the saturated solutions at the above three tempera- 
tures are 63, 162 and 760mm. Hgrespectively. In view of the smooth form of 
the curves there would appear to be no compound formation between potassium 
and ammonia. 

Dilute solutions of potassium in ammonia show an electrical conductivity 
behaviour similar to that of ordinary electrolytes, the equivalent conductivity 
(specific conductivity x dilution) approaching a limiting value with increasing 
dilution. At a concentration of ~“0°04M. there is a minimum equivalent con- 
ductivity, and in more concentrated solutions the equivalent conductivity 
increases rapidly with increasing concentration. Fig. 8 shows the equivalent 
conductivity curve at -33°5°C. resulting from the measurements of Kraus’? in 
which the ‘dilution’, V, was given as the number of litres of pure solvent 
containing one gram atom of potassium, and the equivalent conductivity, A, was 
given as 1000V x specific conductivity. 

Other measurements by Gibson and Phipps’*® at -33°5°C. and -485°C. 
show the same behaviour. In very dilute solutions (~0Q:001N.) the equivalent 
conductivity is depressed - probably by several percent - because of some 
reaction of potassium with ammonia to form amide.**** In concentrated solu- 
tions the conductivity is metallic in character, the specific conductivity of a 
saturated solution of potassium in ammonia at -33°5°C. being approximately 
half that of mercury at 0°C.** Table XX contains values for the specific 
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FIG. 7. VAPOUR PRESSURE OF SOLUTIONS OF POTASSIUM IN LIQUID AMMONIA 


TABLE Xx. - SPECIFIC CONDUCTIVITY OF CONCENTRATED 
SOLUTIONS OF POTASSIUM IN AMMONIA AT -33°5°C. 


Y litres NH NH./g.-atom K | 0°0853 | 01295 | 01730 | 0-2466 
| 4569 4190 2511 1278 | 6928 


0°4881 | 0°5782 | 0°7310 | 068893 | 1+240 
1744 78°65 19°95 6° 279 16415 


14,15 


ai 


= litres NH 3/g.-atom K 
kK, ohm“‘cm. “i 


35902 
1-597 
0- 7.470 
AR. 


The resistance-temperature coefficient, 1/R_,3. SAT X 100, increases from 


conductivity, kK, of concentrated solutions. 


QO» 0438% per degree for a saturated solution to a maximum of 455% per degree 
at a dilution of about 0°91 litres.** It then falls to about 15% per degree for 
- dilutions above 4 litres. The temperature coefficient increases as the tem- 
perature decreases and the percentage change of the coefficient is greater at 
higher concentrations.** The coefficient d Ink/dT, which has a value of 
0029 for dilute solutions (V = 25 to 250 litres), is practically independent of 
temperature.** 
Conductivities of sodium and potassium in dilute ammonia solutions are 
substantially additive, there being no evidence of compound formation between 
the metals.**?® 


Kraus'”*”7 has accounted for the observed ceadecies behaviour in am- — 


monia solutions of potassium by his solvated electron theory (see page 429) © 
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FIG. 8. -EQUIVALENT CONDUCTIVITY OF AMMONIA SOLUTIONS 
OF POTASSIUM AS A FUNCTION OF DILUTION (33°5°C.) 


according to which potassium atoms, potassium ions, free electrons and sol- 
vated electrons are in equilibrium in ammonia solutions:-. 


K = Kt+erm 
e +nNH, = e (NH;), 


More recently it has been suggested that the electrons are trapped in the sol- 
vent, there being in the liquid cavities which serve to trap electrons singly or 
in pairs.*°"°? A number of authors’®**°8 have discussed and elaborated this 
model which is compatible with a large body of experimental data. 

Ogg® found that solid solutions prepared by cooling very dilute solutions 
of potassium in ammonia were good electrical conductors and that they had a 
positive temperature coefficient of resistance in contrast to the negative 
coefficient for liquid solutions (cf. sodium, page 430). 

The thermoelectric properties of potassium solutions in liquid ammonia at 
-33°C. have been studied over the concentration range 0°002M. to saturation.’ 
Throughout the range there is a decrease in thermoelectric power with in- 
creasing potassium concentration, approximate values being 750p volts/°C. at 
0°003M., 250u volts/°C. at Q1M., 5Opu volts/°C. at 1¢0M. and Is5p volts/°C 
at 10M. 

Table XXI shows the results of measurements of the magnetic susceptibi- 
lity of potassium dissolved in ammonia at -33°C. and -53°C. #* The second 
column gives values for the specific volume susceptibility of the solution 
minus that of the solvent, while the third column gives the atomic susceptibi- 
lity. 

Parama pnetic resonance absorption in solutions of potassium in liguid 
ammonia was first observed by Hutchison and Pastor’? at microwave frequencies. 
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TABLE XXI.- MAGNETIC SUSCEPTIBILITY OF POTASSIUM IN AMMONIA 


Potassium concn. g.-atom/litre 


POTASSIUM 


kKsoln. - KNH, x 10° 


0:00341 0+00432 
0°00384 0°00452 
0:00406 0°00505 
0:00481 0°00570 
0:00812 0°00790 
000960 000819 
0°0318 0»01280 


0-482 


0°0390 


pes x 10° 


4403 


0°00354 0-00286 
000422 0-00332 
0-00501 0°00417 
0-00844 0-00411 
0°0331 0-00765 


0-500 0°0194 
At a frequency of 23,700 Mc. the spectroscopic splitting factor (g-factor) was 
2°0012 + 0°0002. Several studies of paramagnetic resonance absorption have 
since been made at lower frequencies and over a wide range of potassium 
concentrations.'9!°% The resonance is extremely sharp and has one of the 
smallest widths (a few tens of milligauss) of any paramagnetic resonance 
absorption. Magnetic susceptibilities for static fields calculated from the 
radio-frequency data have shown the same pattern of concentration dependence 
as found in static experiments but the static measurements have given appre 
ciably higher values. !#h19% 

The solubility curve for mixtures of potassium and sodium in ammonia 
shows three branches corresponding to the solubility of pure potassium, of the 
compound Na,K, and of pure sodium.*® Solutions of potassium iodide in 
ammonia are miscible with dilute solutions of potassium in ammonia but not 
with concentrated solutions.” | 

Several useful reviews of the properties and constitution of metal-ammonia 
solutions have appeared.”*** 

Decomposition of potassium-ammonia solutions and reactions of potassium 
dissolved in ammonia are discussed under ‘Chemical Properties’. (page 1559). 


Miscibility of Potassium and its Salts 


Potassium metal and its fused halides exhibit reciprocal solubility and at 
high temperatures there is complete miscibility.7»?%* Fig. 9 shows the 
phase diagram for the system potassium-potassium chloride.*©@ 

Complete miscibility occurs in this case at temperatures above 790°C. - a 
temperature only 18°C. above the melting point of the salt. Similar curves 
have been given for the other potassium-potassium halide systems, complete 
miscibility of metal and salt occurring at temperatures above 904°, 728° and 
717°C. in the cases of fluoride, bromide and iodide respectively.2©? Con- 
solute compositions for the fluoride, chloride, bromide and iodide systems are 
20, 39, 44 and 50 mole-% metal respectively; the respective eutectic tempera- 
tures being 849°, 751+5°, 708° and 6585°C.*°* The temperature interval for 
the co-existence of two liquid phases decreases in passing from the fluoride 
to the bromide and then increases to the iodide. 7°? 
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FIG. 9. THE POTASSIUM CHLORIDE- POTASSIUM METAL SYSTEM ~ 


Vapour pressure measurements on solutions of potassium fluoride in liquid 
potassium have been made in the pressure range 1-2 atmospheres, and the 
progressive lowering in vapour pressure on increasing the percentage of salt 
demonstrates the true nature of the solutions and shows that they are not 
colloidal suspensions or dispersions.” 

The electrical conductivity of solutions of potassium in potassium chloride 
has been measured at temperatures above the consolute temperature of the 
system.’ Specific conductance increased continuously with the metal 
concentration whilst the equivalent conductance increased continuously from 
3000 ohm‘cm.? at infinite dilution to 38,000 ohm “cm.” at the maximum con- 
centration studied (19 mole-% of potassium). 

Additive coloration of alkali halide crystals by contact with liquid or 
gaseous potassium is discussed on pages 1672 and 2526). 


Other Solutions of Potassium 


Potassium is soluble in methy lamine’”?»?%” and in ethylenediamine.” An 
approximate figure of 1:9 x 10°° moles/litre has been obtained for the solubil- 
ity in methylamine at -80°C.% Gibson and Phipps,** from electrical conduc- 
tivity measurements, reported the existence of two liquid phases in the 
systems potassium/methylamine at -33+5°C. for potassium concentrations 
above about 0°01M. Kraus” reported that potassium was insoluble in ethy]l- 
amine and in secondary and tertiary amines but other workers’? have claimed 
some solubility in ethylamine. The absorption spectrum of potassium in 
methylamine shows two bands at about 15,000 cm.~* and 12,000 cm.” whilst 
that in ethylamine has a single maximum in the region of 15,000 cm.™*.'@ 
Electrical conductivity of solutions of potassium in methylamine are shown in 
Table XXII, V being the dilution in litres per g.-atom.** 


Solubilities in Potassium 
Over the range 65° to 310°C. the solubility of potassium monoxide in liquid 
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TABLE -XXII.- EQUIVALENT CONDUCTIVITY OF 
SOLUTIONS OF POTASSIUM IN METHYLAMINE 


potassium has been represented by the equation:-*° 
Wt.-% O, = 0°0865 - 0:0006089t + 0:000007 142? (t in °C.). 


This corresponds to 01 wt.-% oxygen at 100°C. and 0:55 wt.-% oxygen at 
300°C. The solubility of sodium monoxide in liquid potassium is much less 
than that of potassium monoxide. Between 50° and 360°C. the solubility of 
sodium monoxide in potassium and in sodium-potassium alloys may be ex- 
pressed by:-*° 


Wt.-% O, = 00012 - 0:00000871é + 00000001282? (¢ in °C.). 


Potassium metal may be freed from its oxide either by distillation or by reac- 
tion with a quantity of sodium equivalent to its oxide content and subseguent 
filtration. *° 

The solubility of potassium halides in liquid potassium has been dealt 
with above. . 
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ATOMIC WEIGHT AND ISOTOPES 


Determinations of the atomic weight of potassium have, in general, fol- 
lowed closely the classical methods of Richards, silver being used as the 
standard of comparison. The most widely used method has been to prepare 
the chloride for weighing by fusion under air or nitrogen containing some 
hydrogen chloride after first purifying the starting potassium salt by crystalli- 
zation as the nitrate, oxalate, chlorate, chloride, etc. The weighed potas- 
sium chloride is used to precipitate silver chloride, and the quantity of silver 
required for this is measured and/or the silver chloride collected quantitatively. 
Several workers have also made determinations of the atomic weight by preci- 
pitation of silver bromide. 

Using the above methods, Hénigschmid and Goubeau’ in 1927 obtained an 
atomic weight of 39*104 from the KCl:Ag and KCl:AgCl ratios; the same value 
also resulted from determinations of the ratios KNO,:KCl? and KBr:AgBr.° 
This value was appreciably higher than that of 39*096 which is obtained when 
the older KCl:Ag, KCl:AgCl, KBr:Ag and KBr:AgBr ratios of Richards and 
collaborators®*® are taken together with the now accepted value for the atomic 
weight of silver (Ag:107+880). In 1933, Baxter and MacNevin,° using potas- 
sium salts from various sources and purifying them by crystallizing the 
nitrate, chlorate, perchlorate or oxalate, obtained K = 39:094. After a further 
extensive series of measurements on the KCl:Ag, KCl:AgCl, KBr:Ag and 
KBr:AgBr ratios, Hénigschmid and Sachtleben’ in the same year gave support 
to the lower value by obtaining as their average value K = 39:096. Their 
potassium chloride was prepared after crystallization of the nitrate, oxalate or 
tartrate: the potassium bromide was prepared by the action of bromine on the 
oxalate. A small number of their samples gave a higher value of K = 39104 
owing, in the opinion of the investigators, to the presence of nitrate or some 
other ion in the fused silver chloride. 

Johnson,® in 1935, prepared samples of potassium chloride from various 
sources and by applying his ‘standard solution’ method obtained K = 39-100. 
His technique was to add the dissolved chloride dropwise to a 0:2N. solution 
of an equivalent amount of silver, or, alternatively, to add the two solutions 
simultaneously and dropwise to water; after standing for 15 to 50 days and 
cooling to O°C. for several days the supernatant liquid was then analyzed 
both potentiometrically and nephelometrically for silver and chloride. By 
performing preliminary analyses the supernatant liquid was adjusted more 
closely to the end-point. In 1940, Baxter and Harrington” prepared potassium 
chloride via the chlorate and perchlorate; several crystallizations were carried 
out at each stage, and by comparison with silver they obtained K = 39-098. 
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Another determination of the KBr:Ag ratio made in the following year by 
McAlpine and Bird*® - who prepared samples of potassium bromide by decom- 
position of the bromate and by causing potassium oxalate to react with pure 
bromine - gave K = 39096. / 

From density and X-ray data, values of? 39130 and’? 39091 have been 
calculated for the atomic weight of potassium. The isotope masses of °K 
and** **K when taken in conjunction with values of the *°K/**K abundance ratio 
(see page 1555) between 13°5 and 13°9 lead to atomic weights between 39-104 


and 39+100.** Similar values result when other packing fraction data are. 


combined with the abundance ratio.» 

The fluctuations over the years in the atomic weight determinations of 
various workers are reflected in the internationally accepted value. From 
1934 to 1951, and for many years prior to 1929, the International Atomic 
Weight of potassium was 39-096. Between 1929 and 1933 it was 39°10. The 
step-up resulted from Hénigschmid and Goubeau’s*” value of 39104, and the 
reversion followed the report of several lower values.*’ In 1951 the accepted 
value again became 39-100. 

Potassium extracted from the stems of potatoes fertilized with potassium 
chloride has been reported to have a higher atomic weight and to be more 
radioactive than ordinary potassium.*® In other studies, however, no enrich- 
ment of the heavier isotope was found in either potato tops or roots.*’ An 
increased radioactivity - which, it was assumed, corresponded to a higher 
atomic weight - has been reported for potassium isolated as the cobaltinitrite 
from various human and other animal organs.** Normal atomic weights have 
been found for potassium extracted from the ash of cotton-seed hairs and 
wheat flour,’® sugar-beet leaves and roots, *””° peas,” hard wood,’ hop flowers, * 
and sunflower-seed hulls.” 

The abundance ratio measurements of Brewer” (see page 1555) indicated 
some enrichment of *’K in mature potato vines but not in young shoots; the 
effect was, however, much smaller than would correspond to the increased 
atomic weight referred to above. 

Natural potassium consists of three isotopes - two stable isotopes **K and 
**K and the radioactive isotope *°“K. The two stable isotopes amount to 
99°99 % of the whole. A number of other potassium isotopes of short half-life 
have been produced artificially in nuclear reactions. A recent review,” 
which also summarizes methods of production and disintegration schemes, 
lists the following artificial isotopes: (see also page 2450). 


Isotope Half-life 


ar 1-2 sec. 
38K 7°6 min. 
42K 12-4 hr. 
aK 22-4 hr. 
ook 18 min. 


Since the discovery by Aston” in 1921 of the two potassium isotopes with 
mass numbers 39 and 41, numerous determinations of their abundance ratio 
have been made. These are listed in Table XXIII, and with one exception 
(Manley*’), they have all been obtained with the aid of the mass spectrograph. 
Manley’s value was based on magnetic moment separation of the isotopes when 
a molecular beam of potassium is passed through a weak inhomogeneous mag- 
netic field. 

Bainbridge and Nier** in their 1951 review of abundance ratio data chose 
13»48 + 007 as the best value for the **K/*’K ratio. No isotope effect of free 
evaporation similar to that found with lithium (see page 66) occurs in the ion 
source of the mass spectrograph for potassium.°**** The existence of the 
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TABLE XXII. - NATURAL °K/’K SeONDANGS RATIOS | 


Dempster 

Brewer and Kueck eases : 0-4 28 
| Nier 13°96 + Ovl1 29 
| Bondy e¢ al. 166-2 + 22 30 
Mostly 14° 20-14°25 but certain sources 
gave values between 12°6 and 146 23,31-38 
Manley 1364 + 05 39 
| Bondy and Vanicek 14°51 +01 40 
| Cook 14612 + 0°28 41 
| Paul and Pahl 13°96 + Ovl 42 

White and Cameron 13°66 + 0-1 43 
| Nier 13°48 + 0°07 44 


Brewer 


potassium isotopes is also evident from the spectra of potassium compounds.*° 

Brewer has measured the *K/*K ratio in a large number of animal, vege- 
table and mineral sources. These have included animal tissues and bones;*° 
ocean and mineral waters;**** rocks and soils;** and marine and land plants.”* 
While in most sources the ratio was fairly constant between 14°20 and 1425, 
there were a number of specific cases where the ratio deviated appreciably 
from its normal value: the abnormal values ranged from about 12:6 to 14:6. 
High **K contents were, for example, found in kelp, agar, bone marrow and in 
mineral formations (and their associated waters) believed to be of marine plan: 
origin. High **K contents were observed in certain animal tissues. Other 
extensive measurements by Cook** on a variety of kelps, fossils and rocks of 
different geological ages have not, however, shown the same effect. The 
abundance ratio for all these sources was found to be constant within the 
experimental error of +1%. Ingerson**? has reviewed work on the isotopic 
composition of potassium from various sources. 

The question of which isotope of potassium is responsible for its natural 
radioactivity has received considerable attention. Until the mid-1930s it was 
believed that **K was responsible, but more recent work has demonstrated that 
‘°K - present at a concentration of about 0°01% - is the seat of the radioacti- 
vity. 

Hevesy in 1927 effected a partial separation of the potassium isotopes 
using a distillation process, and the measured increase’ in the atomic weight 
of the residue corresponded to a 4*8% increase in the proportion of **K. At 
the same time the f-activity of the residue increased by 452%, and it seemed 
reasonable to ascribe the radioactivity of potassium to the isotope of mass 41. 
This conclusion was supported by several other workers,**** and when in 1931 
the subject was re-investigated by Hevesy and co-workers** to decide whether 
the radioactivity could be ascribed to a ,then hypothetical isotope, *°K, the 
conclusion reached was again that active **K pave the best fit with the experi- 
mental results and that the existence of *°K was unlikely. Opinion as to 
whether or not calcium was the product of the disintegration was at this time 
divided.5°5* Aston®* found no appreciable quantity of **Ca in very old miner- 
als rich in potassium, indicating that the reactions **K — *'Ca + B does not 
occur. Various other schemes suggested by Gamow’” for the source of activ- 
ity and decay of potassium were shown not to occur when tested experimen- 
tally. 56,57 

In 1935 suggestions were made that various features concerning the radio- 
activity of potassium could best be correlated at assuming the existence of a 
rare isotope *°K.°”°® In the same year, Nier*”°? presented the first mass 


46,47 
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spectrographic evidence for the existence of this isotope, the **K/*°K ratio 

being 8600 + 10%. The existence of *°“K was soon confimed, first by Brewer” 
who, using an entirely different type of ion source, abt ined an abundance 
ratio **K /*°K = 8300 + 100, and then again by Sampson and Bleakney.®° More 
recent determinations have indicated the *K/*°K ratio to be rather less than 
the above values: Nier** obtained 0°0119% + 00001 for the abundance of *°K 
(corresponding to **K/*°K = 7800) whilst Reutersward®°? obtained *K/*°K: = 
7900 + 40 (*°K abundance = 0°0118%). Inan earlier investigation, Bainbridge” 
had concluded that if the isotopes *°K, **K and **K existed, their abundances 
relative to **K were less than one part in 1500, 600 and 300 respectively. 
That *°K is responsible for the natural radioactivity of potassium was conclu- 
sively demonstrated by Smythe and Hemmendin ger®” who separated the potas- 
sium isotopes in a mass spectrometer incorporating a Geiger counter. *°K 
was shown to be responsible for both of the known B-ray bands. The half-life 
of *°K is about 1+4 x 10° years. 

Later measurements”®* of the atomic weight of normal potassium and of the 
heavy potassium prepared by Hevesy have shown that in heavy potassium the 
**K content is increased by 7°4% rather than the 48% that had been reported 
earlier. Also, abundance ratio measurements on normal potassium and 
Hevesy’s heavy potassium have given a figure of about 9% for the increase in 
the **K content: by interpolation it has been shown that an increase of about 
4% would be expected in the *°K content.*7 These more recent measurements 
on Hevesy’s heavy potassium when taken in conjunction with the increased 
radioactivity are consistent with *°K being the source of the radioactivity. 

Other early explanations of the radioactivity of potassium attributed it to 
the isotope®* *°K and to admixture with traces of element 87.°° 

Determinations of the *°K content of potassium from various terrestrial and 
meteoric sources have shown no differences that could not be ascribed to 
experimental error®®*4 (5 to 10%). 

In his early measurements of isotopic massés, Aston°® showed that the 
masses of *K and **K approximated to whole numbers. The following values 
of isotopic masses are all on the physical scale of atomic weights taking *°O 
= 16-00000. From nuclear transmutation data, values of 38°97518 and 40°9739 
have been obtained for the masses of *K and *'K respectively.°’ Mass spec- 
trometer measurements’* have given *°K = 3897606 + 0:00003 and **K = 
40°97490 + 000003 ee: as standards the mass spectrometric values *H = 
1008146 + 0000003 and **C = 12+003842 + 0000004. Assuming values for *H- 
and **C obtained from ae reaction energies, (*H = 1+008142 + 0:000003 
and *7C = 12003804 + 0-000017,°° the above mass spectrometer measurements 
yield °K = 38°97593 + 0*00006 and *K = 40°97476 + 000006. 

Practically complete separation of the potassium isotopes has been carried 
out on a small scale using the mass spectrometer. Smythe et al.® in 1934 
developed a high intensity mass spectrometer with a magnetic lens capable of 
focusing onto a slit all the positive ions of a given mass from a comparatively 
large source. With a Kunsman catalyst ion source an ion current of 0-1 ma. 
was obtained for *K. This permitted collection of **K at the rate of 1 mg. in 
7 hours. The same instrument was later used by Smythe and Hemmendinger™ 
to collect *°K in amounts sufficient to demonstrate that it is responsible for 
the natural radioactivity of potassium (see above). These workers also col- 
lected 20:4 mg. of *°K during the longest run of one week. 

Production-scale mass  spectrographs, originally developed to enrich 
uranium- 235, have been used for the enrichment of potassium isotopes. bins 
Enrichment of * °K to over 10% isotopic purity was achieved in this way starting 
from its natural abundance of only 0°012%?° Starting with a potassium chloride 
charge that had been pile irradiated to increase the *“K content to about 
0:025%, several milligrams of 22% *°K were obtained.”° 
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SECTION XLV 
THE CHEMICAL PROPERTIES OF POTASSIUM 
By Mrs. F. DICKINSON 


Sodium and potassium resemble each other closely in their chemical 
properties except that potassium is generally more reactive. 

Whereas potassium superoxide, frequently though less properly referred 
to as potassium tetroxide, is the stable oxide at room temperature, sodium 
monoxide, formed at low temperatures, is converted to a higher oxide only by 
heating in oxygen at high temperatures. According to Gilbert’ many reports 
of explosions from handling potassium can usually be attributed to the form- 
ation of potassium superoxide which is very reactive. Potassium, unlike 
sodium, forms an explosive carbonyl with carbon monoxide and detonates 
when brought into contact with liquid bromine. Of all the hydrides of the 
Group 1 metals, potassium hydride is the least stable. Again, unlike sodium 
which forms acetylides with carbon, potassium forms solid solutions, although 
quite recently a solid solution of sodium in carbon has also been found to 
exist. 

With regard to the handling of potassium and safety precautions to be 
taken, the same procedure should be adopted as for sodium except under 
conditions where potassium is known to behave differently and is more reac- 
tive. The potassium ion is somewhat toxic.’ 

A comparison of the properties of sodium and potassium is given by 
Gilbert.* ? 

The Liquid-Metals Handbook, which first appeared in 1950, has now 
appeared in revised editions (1952, 1954, 1955) which contain a considerable 
amount of information on the liquid alkali metals and sodium-potassium 
alloys from 1920 with numerous references to original papers. 

The surface of potassium on exposure to air emits a bluish glow con- 
sidered to be due to the action of water vapour since it does not occur with 
dry oxygen.* The bright lustre is lost sooner than with sodium metal and 
in five minutes the surface is covered with a white film of potassium bicar- 
bonate.*”” 

Liquid potassium is more reactive on exposure to air than liquid sodium 
and may form higher oxides which react explosively with sodium, potassium, 
sodium—potassium alloy and organic materials. When handling liquid potas- 
sium an inert gas should be used to blanket the surface wherever possible.” 

The interaction of oxygen with clean evaporated films of potassium at 
0°C. to -183°C. has been investigated by Trapnell;? chemisorption occurs 
and the normal rapid oxygen adsorption is followed by a further process, 
probably oxidation. Although the metal surface does not chemisorb hydrogen, 
an oxygenated surface slowly takes up hydrogen at room temperature. 

Potassium amalgam is oxidised by dry air or oxygen at room temperature 
to potassium superoxide, part of the mercury being also oxidised. On treat- 
ment with water, oxygen is evolved and a dark-green powder of mercurous 
oxide mixed with mercury is obtained.*® Ostertag and Chassain™ have con- 
firmed the observation of Rinck and Chassain*® that sodium amalgam is not 
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peroxidised by air, even at GO°C. and with a larger contact area, but that when 
0-035—0-50 mole fraction of potassium is added to sodium and amalgamated, 
the potassium superoxide, which is readily formed on exposure to air, cata- 
lyses the formation of sodium peroxide; in this case the mercury does not 
appear to be oxidised. The reaction of liquid potassium amalgam with oxygen 
has also been investigated by Hohn et al.*? who find that potassium, unlike 
sodium, gives a higher oxide than the peroxide. 

Potassium amalgam containing about 0-0003% of potassium, when brought 
into intimate contact at O0°C. with water in which oxygen is continuously 
dissolved, yields an aqueous solution containing 27g. of hydrogen peroxide 
and 150g. of caustic potash per litre, a yield of about 60% based on the 
caustic potash formed.’ 

Kraus and Whyte** have studied the oxidation of potassium in liquid 
ammonia solution and find that on slow oxidation potassium hydroxide and 
potassium amide are first formed, followed by further oxidation of the amide 
to potassium nitrite and potassium hydroxide. Rapid oxidation yields first 
potassium peroxide, K,O,, which in turn yields potassium tetroxide, (super- 
oxide); there is no evidence of the formation of dipotassium trioxide, K,O,. 
The superoxide is prepared by Kraus and Parmenter’ by the action of excess 
of oxygen at -50°C. in liquid ammonia; it is a cream coloured solid and is 
decomposed by water to the hydrated monoxide, K,0,3H,O, and oxygen. The 
peroxide or dioxide, K,O,, light yellow in colour, is formed by passing oxygen 
into potassium in liquid ammonia untilall the potassium is used up; with water 
the hydrate K,0,,2H,O is formed and is decomposed by excess of water giving 
the hydrated monoxide, K,0,3H,O and oxygen. The chocolate brown trioxide, 
K,O,, is formed when the calculated amount of oxygen is added to potassium in 
liquid ammonia at ~33°C. The hydrate, K,O,,H,O is decomposed by excess of 
water to the monoxide, K,0,3H,O and oxygen. 

Investigations of the structure of potassium superoxide” show the 
formula to be KO,, not K,0,; the crystal is composed of the ions, K* and 
OFF. 

; Dipotassium trioxide, K,0,, is considered to be a mixture of potassium 
peroxide and superoxide.” 

The following heats of formation, expressed as kg.-cal. per g.-mole, have 
been taken from Liquid Metals Handbook® 2K(c) +.0°50,(g) —-> K,O(c), AHa98 = 
-86°14; 2K(c) + O,(g) -> K,0,(c); AHg9g = -118; 2K(c) + 1-50,(g) > K,0, 
(c), AHo9g = -125; K(c) + O,(g) — KO,(c), AHg9g8 = -67. Gilles and Mar- 
grave" give AHo9g for the superoxide, KO,, as -67-6 + 0.8kg.-cal. per g.- 
mole. 

Brewer and Mastick”? on the basis of theoretical calculations state that 
at 1000°%K. all the gaseous alkali metal oxides, with the exception of lithium 
monoxide, are unstable and dissociate. 

Potassium reacts violently with water.”* The alkali metals dissolve in 
liquid ammonia and in alkylamines and fused amides to give intense blue 


solutions, and it has been argued that similarly coloured solutions would be © 


obtained in water were it not that the metals react extremely readily with 
this solvent. Wolthorn and Fernelius** have shown that by placing potassium 
in a short length of 6mm. glass tubing and holding it at the bottom of a beaker 
of water so that the reaction takes place in a confined space, blue coloured 
patches are formed at irregular intervals along the tube. Very small coloured 
regions are also obtained with methyl alcohol, but not with ethy 1 alcohol. 
Jortner and Stein** have demonstrated the production of colour by the reaction 
of freshly distilled potassium with water at -3°C. with a maximum light ab- 
sorption of 900my. The colour decays if oxygen is added or the solution is 
warmed, when hydrogen is evolved. A bluish solution is obtained at -40°C. 
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with methyl or ethyl alcohol and the colour decays on admission of oxygen, 
on warming or on the addition of water. 

The heat of reaction of potassium with an infinite quantity of water at 
25°C. has been determined by Ketchen and Wallace*® by calorimetry and found 
to be ~47,190 + 80g.-cal./g.-atom. The heat of formation of aqueous potas- 
sium hydroxide at IS°Ga calculated from the experimental values of the heat 
of reaction of potassium with water, is found to be -115-21kg.-cal.”” For 
the following reaction: K(c) + H,O(l1) ~> KOH(c) + 0-5H,(g), AH998 = -33-46 
kg.-cal. per g.-mole.” Messer, Fasolino and Thalmayer* give the 
heat of hydrolysis corrected to infinite dilution at 25°C. for the reaction; K(c) 
+ H,O(1) —» KOH(a) + '0-5H,(g), as AHo9g = -47-05 + 0-10kg.-cal. per g.-mole. 

The separation of the isotopes of hydrogen by the chemical decomposition 
of water containing aknown amount of deuterium in neutral, acidic and alkaline 
media has been investigated by several workers.”°°* The hydrogen evolved 
by the action of certain metals is burned and the percentage of deuterium in 
the water formed determined by density measurements. The value of the 


_ isotopic separation factor a is calculated by the relation logn,'/n," = alog 


(n,'/n,"), where n, and n, are the numbers of *H and 7H atoms respectively in 
the reacting solution. The values of a increase in the order of their single- 
electrode potentials and photoelectric potentials for calcium, magnesium, 
aluminium, manganese and zinc and then decrease for chromium, iron and 
cobalt. The values of a for potassium, sodium and lithium (which is the order 
of the single-electrode potential and photoelectric potential) are irregular, 
being 1:9, 2:8 and 1-5 respectively. It is suggested that the mechanism of 
the reaction with the alkali metals is that water molecules are attached to the 
surface of potassium, sodium or lithium, through the oxygen atom, and hydrogen 
is then eliminated from two bound molecules, i.e. reduction by these metals 
does not proceed by an electrochemical process.” 

Potassium hydride is formed when hydrogen is allowed to react with the 
metal at 350°C.; the reaction occurs more readily in the presence of calcium 
metal,** ; 

In connection with the preparation of "active" hydrogen Venkataramaiah** 
describes experiments in which potassium is first heated at 200°C. and sat- 
urated with hydrogen; on raising the temperature gas is liberated which after 
chilling with ice reacts with powdered sulphur, as shown by the blackening 
of lead acetate paper, in two hours. Potassium treated with dry hydrogen 
at 670°C. gives off a gas which when chilled by ice and passed over powdered 
sulphur, blackens lead acetate paper in thirty minutes, Trapnell” has 
investigated the action of hydrogen on clean evaporated films of potassium 


at 0° to ~183°C.; under these conditions hydrogen is not chemisorbed. 


Hydrogen is absorbed by potassium deposited on the cathode of a dis- 
charge tube when a discharge is being passed. Analysis shows that potassium 
hydride is formed. Similar absorption of hydrogen occurs when the gas is 
ionised by alpha rays from polonium.** The absorption of hydrogen in potas- 
sium vapour arcs has also been investigated by Rusk*”** at temperatures 
of 40° to 180°C. and initial pressure of hydrogen of about 1mm. The pressure 
falls owing to the formation of potassium hydride and the reaction is the more 
rapid the higher is the temperature. It is considered that the reaction is 
brought about by the presence of "active" hydrogen, formed at not less than 
16V. If potassium ions combined with hydrogen molecules then absorption 
of hydrogen should occur at 4-3V., the ionisation potential of potassium. 

Mohler describes a very slight luminescence obtained when potassium 
is heated in "active" hydrogen at low pressures. 

Potassium, heated to 250°C. and exposed for twelve hours to hydrogen, 
activated by passage through a powerful electric discharge, and at a gas 
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pressure of about 0-1mm., shows the first doublet of the principal series 


7665—99 A. very faintly.*® Chemiluminescence and quenching reactions of the — 


alkali metals with hydrogen have been studied by Magee and Taikei.*° The 
reaction at 200°C.: K + 2H -—> K* + H,, where the asterisk denotes electronic 
excitation and the prime vibrational excitation, occurs to only a slight extent. 

The heat of hydrolysis of potassium hydride: KH(c) + H,O — KOH(a) + 
H,(g), corrected to infinite dilution and 25°C., has been found to be -31-89 + 
0-12kg.-cal. per g.-mole. The heat of formation of the hydride, calculated 
from the heats of reaction of the metal and the hydride with water, is -15.16 + 
0-:16kg.-cal. per g.-mole. For the reaction K(c) + 0-5H,(g) —> KH(c), AHa9g 
is given as —13-6kg.-cal. per g.-mole.* The heat of formation of potassium 
hydride, calculated from measurements of its dissociation pressures, is 14-110 
kg.-cal. per g.-mole.*? 

The dissociation pressures of potassium hydride determined by Hérold” 
are given in Table I. 


TABLE I.- DISSOCIATION PRESSURES OF POTASSIUM HYDRIDE 


Temperature °C.| Vapour Pressure (mm.) 


The above results are represented by the equation logpmm, = -6175/T 
+ 11-69 where T = temperature on the absolute scale. 


The following compounds of mercury with potassium are referred to in 
the literature: HgK, Hg,K, Hg,K, Hg,K, Hg,K;** HgK being bronze coloured, 
m.p. 178°C., and Hg,K and Hg,K, having a characteristic crystalline form; — 
HgK, Hg,K, Hg,K, Hg,K, Hg .K, Hg,,K.** The melting points and formulae — 
of the potassium mercurides as described by Grube*® and compiled by Biltz, 
Weibke and Eggers*’ are: HgK m.p. 178°C., Hg,K m.p. 279°C. with decompo- 
sition, Hg,K, m.p. 204°C., Hg,K, m.p. 197°C. with decomposition, Hg,,K, m.p. 
194°C., Hg,.K, m.p. 173°C. and Hg,K m.p. 70°C. There appears to be some 
doubt as to the composition of the compound richest in mercury; intheir — 
compilation of thermochemical data, Kubaschewski and Catterall** refer to it as 
Hg,,K but give also alternative data for the composition Hg,K. 


TABLE IIL.- HEATS OF FORMATION OF SOLID COMPOUNDS IN K-Hg SYSTEM 


Alfg99 6.-cal. /é.-atom 


(-2500) 
ho H8K 0-1 ~3300 
.He,K 0-2 -4600 
He 0:25 -5200 
%He,K 0°33 -6100 


0-5 -5900 


In Table II N& is the atomic fraction of 1g.-atom of alloy e.g. if NE =x 
then 1 g.-atom of alloy = KxHg,-~. The brackets signify uncertainty. 

Mercury and potassium show complete miscibility in the liquid phase. 

For other information on the K-Hg system see pages 1600-1610. | 

The heats of formation and free energies of the reaction products of potas- 
sium with fluorine and chlorine expressed as kg.-cal. per g.-mole are as — 
follows: K(c) + 0°5F.(g) —s KF(c), AHoo8 = ~134°46, AF 998 = -127.42; © 
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K(c) + 0-5C1,(g) + KCl(c), AHo9g = -104-2, AFogg = -97-6." 

Potassium detonates when brought into contact with liquid bromine.’ 

In their investigation of atomic reactions of the alkali metals by the method 
of "highly dilute flames" (at low pressures of the order of 10°mm. and ata 
temperature such that alkali metal atoms are present and luminescence occurs), 
Beutler and Josephy*® have found that when potassium atoms react with chlor- 
ine in the presence of atomic mercury there is an intensity increase in the 
spectrum of mercury. Ootuka*® has also studied the reaction occurring between 
potassium atoms and chlorine at low pressures; to make the luminescence 
visible about 7mol.-% of sodium is added. The suggested mechanism is: 
Peer RO tC ls Ke + Cli->- KCl*. 4K; and KCI* + Na '— Na* + KCl; 
(NaK + Cl — KCl + Na is a probable mechanism). The asterisk denotes an 
increase in energy level. The heat of dissociation of K, or NaK is 12-5kg.- 
cal. 

Krocsak and Schay® report that the light emission of the highly attenuated 
flames of potassium vapour with the halogens is made up of (a) the red re- 
sonance doublet of potassium, (0) the second violet resonance doublet and (c) 
a continuum which extends over almost all the visible spectrum. The reaction 
K + X, — KX + X, (where X = Cl or Br), and to a much smaller.extent the 
reaction K, + X -> KX + K, occur in the gas space producing the red resonance 
doublet. In the first reaction every collision results in reaction. The second 
violet resonance doublet is partly due to the second reaction involving potas- 
sium molecules, and partly due to double excitations. The continuum orig- 
inates on the wallofthe vessel andis due to the secondary reaction K+X -> KX. 

Lyalikov and Terenin® observe a luminescence from 2000 to 9000A. when 
the alkali metal atoms are allowed to react with iodine. The first lines of the 
principal series of all the alkali metals are visible and the second lines of 
potassium, but no others. Faint bands, apparently continuous, are also ob- 
served. The pressure at which the reactions are carried out is <15mm. An 
examination of potassium and iodine flames of high dilution and at low pres- 
sures has been made by Roth’? who finds that the flames of potassium atoms 
and iodine vapour behave like those of potassium and chlorine or bromine. 
From a more exact examination of the observed effect of increase of tempera- 
ture of the reaction zone and decrease of light, which is connected with the 
dissociation of potassium molecules to atoms, the heat of dissociation of 
potassium is found to be 18-7kg.-cal. The constants of the elementary pro- 
cesses have been determined from distribution curves; the variation of the 
specific light emission with temperature and potassium pressure has also 
been found. 

Molten iodine monochloride reacts with potassium with explosive violence.™ 
A 100% conversion of potassium to potassium bromide and potassium dibromo- 
iodide is obtained when potassium, in the form of sticks, is treated dropwise 
with molten iodine bromide. The mixture reacts explosively. 

In an account of the anomalous valencies exhibited by many elements, 
including the alkali metals, Klemm refers to the halogen compounds of potas- 
sium, rubidium and caesium, and gives the following examples of compounds 
which he describes as manifestly fluorine active: KF,, K(KF,), K(IF,), RbSb- 
F,,6RbF,, Rb(SbF,), Rb(RbF,).” 

A very violent explosive reaction occurs when a mixture of potassium and 
hydrogen iodide is subjected to shock by striking with a hammer. Under 
similar provocation, a strong explosion occurs with iodine monobromide anda 
weak one with iodine.*® 

Fehér and Berthold*” have studied the potassium-sulphur system and 
shown that the di- and tetra- sulphides, K,S, and K,S,, can be prepared by 
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the reaction of potassium with sulphur in liquid ammonia. 

The action of sulphur on potassium in boiling toluene yields mixtures 
corresponding to K,S,,,._ The tri- and penta- sulphides are prepared by adding 
the calculated amount of sulphur to a solution of the monosulphide in absolute 
alcohol. The hexasulphide, K,S,, is prepared by melting sulphur with the 
pentasulphide in vacuo. All the above mentioned polysulphides are definite 
compounds and X-ray diffraction patterns and densities for these compounds 
are given. 

The following compounds of potassium with sulphur are shown in the 
phase diagram on page 1616: K,S, K,S,, K,S,, K,S,, K,S,, K,S,. 

Chemiluminescence is observed in the low pressure reaction of potassium 
atoms with sulphur vapour at and above 300°C. The spectra of the various 
potassium reactions are continuous.” 

When potassium is added to selenium monochloride, the mixture explodes 
violently at ordinary temperatures forming selenium and potassium chloride, 
which is slightly soluble in selenium monochloride.” 

Whereas pure liquid ammonia undergoes no photo-decomposition in short 
ultra-violet light, 2144—2550A., in the presence of the alkali metals hydrogen 
is evolved and the corresponding amide is formed. The quantum efficiency 
increases with concentration of the metal and reaches a maximum at 2300A. 

In the absence of catalysts such as metallic oxides and hydroxides, the 
reaction between the alkali metals and liquid ammonia is very slow at ordinary 
temperatures. In the presence of catalysts, amides and hydrogen are formed. 

Juza®* has shown that under comparaple conditions the times of reaction 
to form amides and hydrogen are: caesium, 15min.; rubidium, 30min.; potas- 
sium, 60min.; sodium and lithium, several days, i.e. the heavier the alkali 
metal the more readily it reacts with liquid ammonia. 

A study has been made of heterogeneous catalysts in liquid ammonia 
solutions by Burgess et Nite Although solutions of the alkali metals are 
relatively stable in liquid ammonia, a slow reaction does in fact occur. Earl- 
ier workers have shown that the time of reaction between potassium and liquid 
ammonia is shortened by the addition of asbestos; platinum black and oxides 
of iron are particularly effective so that as much as one gram of potassium 
amide is formed in 15min. Platinised platinum, rusted iron and nickel foil 
are also efficient, and of the powdered catalysts tested ferrous oxide is the 
best. Whereas sodium amide poisons the catalyst, potassium amide does 
not do so. 

Watt, Barnett, and Vaska®® point out that the statement that the reaction 
of alkali metals with liquid ammonia is catalysed by metal oxides and salts 
is misleading because the compounds are reduced to the metals and these . 
are responsible for the observed catalytic action. 

Some of the most active catalysts are those commonly used for materials 
of construction. In Table III the results described refer to potassium and 
liquid ammonia at its boiling point and the reaction rate is expressed as 
Ceca OL hydrogen evolved per hr. per g. of potassium, per sq. mm. of catalyst 
area x 10’. 

At the higher concentrations of potassium, the reaction between potassium 
and ammonia is of zero order, but as the concentration of potassium is de- 
creased the reaction approaches first order. The use of any of the metals 
or alloys, even those ranging from tantalum to aluminium, as constructional 
materials would result in the liberation of sufficient hydrogen to constitute 
a hazard. 

Juza et al.®* give the heat of formation of potassium amide from its ele- 
ments as 27kg.-cal. per g.-mole. 

The alkali metal is liberated from its fused amide when treated with 
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TABLE II.- EFFECT OF ADDITIVES ON THE FORMATION OF AMIDE AND 
HYDROGEN IN THE K-NH, SYSTEM 


Additive Reaction Additive 
Rate 


Tantalum Phosphor Bronze 
Silver Monel 


Reaction 


Titanium Brass 2°7 
Aluminium Clad Al. Stainless Steel 430 3.3 
Platinum Stainless Steel 309 3°3 
zirconium Hastelloy F~3 4-0 
Aluminium Nickel 4°6 
Gold Stainless Steel Carpenter 20 5el 
Aluminium Alloy 3 SHI4 Cobalt Steel FC 6-1 
Copper Hastelloy B—16 6.3 
Stainless Steel 302 Berylco 25 70 
Stainless Steel 347 Tungsten Steel GK 8-0 

Vanadium Steel GN 8:3 


magnesium in an ammonia atmosphere: Mg + 2KNH, = Mg(NH,), + 2K; the 
equilibrium point is far to the right. Subsequent reactions also occur: Mg- 
(NH,), + 2KNH, — Mg(NHK),,2NH,; 2NH, + 2K — 2KNH, + H,. Calcium 
and aluminium also liberate potassium from its amide. The ‘compound formed 
with calcium is CaNK,2NH,; with aluminium it is AIN,NH, + adsorbed KNH,. 
Zine forms the compound Zn(NHK),,2NH,. Cerium, thorium and manganese 
are slightly attacked by fused potassium amide whereas mercury, copper, 
cadmium, thallium, titanium, zirconium, tantalum, chromium, nickel, platinum 
and iridium are not noticeably attacked.* 

Potassium amalgam reduces sulphur dioxide, potassium dithionite K,S,O 
being formed; on standing, a secondary reaction occurs producing sulphide.! v4 

Cueilleron®® has shown that a very violent explosive reaction occurs when 
a mixture of potassium and sulphur dichloride is struck with a hammer; a 
strong explosion similarly occurs with sulphur dibromide. 

Potassium does not react with nitrogen, which may in fact be used as an 
inert gas for the safe handling of the metal. An early description is given 
by Bornemann® of an apparatus for the preparation and storage of the lustrous 
metal in sealed glass tubes. The metal is placed on a clean metal sieve 
(1mm. mesh) above a constriction in a long glass tube 15mm. — 20mm. dia- 
meter. After the tube is sealed, oxygen and carbon dioxide react with the 
metal leaving, after some hours, only nitrogen above the metal which is then 
melted and runs through the sieve leaving the impurities behind. 

The activities of evaporated metal films in gas chemisorption have been 
studied by Trapnell between OC. and -183°C. The alkali metals show no 
chemisorption of nitrogen.” 

When an electric discharge is passed through nitrogen with potassium 
present as a deposit on the cathode, nitrogen is found to be absorbed. A 
similar absorption occurs when nitrogen is ionised in the presence of potas- 
sium by the action of alpha rays from polonium. Chemical analysis Shows 
that the absorption of gas is due to the formation of potassium nitride.** Ac- 
cording to Moldenhauer and Mottig,*®’ nitrogen activated by an electric dis- 
charge reacts with potassium to form azides; the reaction product also con- 
tains a small amount of nitride which is apparently formed from the azide. 

The transfer of energy between active nitrogen, produced by the thermal 
decomposition of silver azide AgN,, and potassium excites ultra-violet fluor- 
escence in potassium vapour.” 

Potassium arsenide, K,As, is formed when the elements are heated together 
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at 800 T."° | 

A strong explosive reaction occurs when a mixture of potassium and ars- 
enic trichloride or triodide is subjected to shock by striking with a hammer 
and a very violent explosive reaction similarly occurs with phosphorus penta- 
chloride and tribromide.** : 

Disodium nitrite, Na,NO,, is formed when sodium nitrite in liquid ammonia 
solution is treated very slowly with a liquid ammonia solution of potassium; 
the same substance is formed by cathodic reduction of sodium nitrite. The 
disodium salt is very reactive towards moisture, air and carbon dioxide and 
explosions occur easily. Whereas it may be heated moderately in vacuo when 
it is in the pure state, it decomposes violently at 100°@130°C.” 

Nitric oxide reacts with cold liquid potassium amalgam to form the com- 
pound, KNO. The amalgam must be shaken vigorously to ensure reaction.” 

When nitryl fluoride, NO,F, is passed over potassium, heated to start a 
reaction, the potassium burns with a lilac flame and a yellow solid is depos- 
ited. The product reacts with water, shows strong oxidising properties and 
gives evidence of the presence of a peroxide. Qualitative tests and X-ray 
examination show that potassium fluoride and potassium superoxide, KO,, - 
are formed and there may also be some potassium peroxide, K,O,.” 

Paracyanogen, which contains a conjugated double bond system and no 
free CN groups and is believed to have a planar structure of 4-, 6-, or 10- 
membered rings, reacts with potassium on fusion to give potassium cyanide.” 

According to Fredenhagen and Cadenbach,” molten potassium reacts with 
graphite, soot or active charcoal to give compounds in which the ratio of 
potassium to carbon is as shown in the formulae: KC,,, KC,, KC,, the presence 
of the compounds being indicated by breaks or discontinuities in a pressure- 
composition curve. The heat of formation is given as about 1500g.-cal. per 
g.-atom of carbon. More recently Quarterman and Primak’* have redetermined 
the heat of reaction of high density Acheson graphite with excess of potassium 
at several temperatures in the range 66—95. by a calorimetric method, and 
give a mean value of 31 + 2g.-cal./g. of graphite as against the value of 125 
g.-cal./g. of carbon reported by Fredenhagen and Cadenbach. Heats of reac- 
tion of potassium with pitch-bonded natural graphite, pitch-bonded lampblack, 
pitch-bonded petroleum coke and natural Ceylon graphite are in the range 
72—90g.-cal./g. of carbon. The reaction of liquid potassium with graphite, 
soot or active charcoal is a vigorous one and is accompanied by disintegration 
of the charcoal.”* Tammann and Sworykin’®’ have measured the shortening 
of small sticks of pressed retort carbon when heated in potassium vapour for 
1-5 min. with the results given in Table IV. 


TABLE IV.- ACTION OF POTASSIUM VAPOUR ON RETORT CARBON 


Temperature | Shortening of Retort 
nee Carbon Sticks, cm. 


400—500 
520—575 
575—675 
675—740 
740—825 


An accumulation of carbon powder on the surface of the evaporating metal 
can ignite in contact with air with a violent explosion. 

Fredenhagen and Suck” by means of an improved technique,’* have studied 
the binding of alkali metals with carbon at 400°—450‘. for graphite and 400. 
for soot, and shown that although the adsorption characteristics of the two 
forms of carbon are different, they take up the same amount of potassium at the 
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Same temperature and pressure. With graphite, equilibrium is attained after 
22hr., with soot only after 6Q0hr. The colour of the potassium-graphite 
compound (Siemens graphite) is at first dark blue-black; after an increase 
in potassium content the colour changes to copper-red. When Ceylon graphite, 
a coarsely crystalline graphite, is used the colour is at first steel-blue with 
a distinct metallic sheen and then becomes bronze coloured when the potas- 
sium content is increased. This change in colour seems to occur suddenly 
after the large increase in potassium content. The compound K,C.,, i.e. 
potassium acetylide, could not be detected in the graphite-potassium system. 
Diamond does not react with potassium. 

Schleede and Wellmann”® have investigated the structure of the potassium- 
graphite compounds by X-ray methods and find that the brown substance des- 
cribed by Fredenhagen et al.”*”” has a layer lattice, potassium planes alter- 
nating with the basal planes of the graphite. When the metal planes are 
complete, the composition corresponds with the formula C,K. When heated 
at a higher temperature, a black substance is formed in which every two 
graphite planes are followed by a potassium plane; the composition is then 
represented by the formula, C,,K. 

After the distillation of potassium from the graphite-potassium system, 
the graphite has its original structure. 

Hofmann and Frenzel” report that X-ray diffraction data for the stoicheio- 
metric compound, C,K, show no change in the distance between carbon atoms 
within the ring layers, while the distance between the layers is increased 
from 3-38A. in graphite to 5-34 in C,K. Treatment with mercury regenerates 
graphite. 

Much later work on the action of potassium on graphite by Hérold,*° who 
has prepared temperature~composition curves for the system graphite-potas- 
sium, describes the compounds KC,, KC,,, and KC,,. A sudden change in 
Composition near 107°C. is accompanied by a change in colour from brown 
ochre to deep blue. | 

By the slow formation and decomposition of graphite-potassium com- 
pounds, Rudorff and Schulze** have shown that a whole series of compounds 
of ideal formulae KC,, KC,,, KC,,, KC,,, KC,, is formed, and spacings have 
been measured by X-ray analysis for compounds up to KC,,. All these com- 
pounds are weakly paramagnetic. 

The effect of potassium on the mechanism of the activation of charcoal 
has been studied.** The adsorptive capacity of a potassium-containing char- 
Coal, activated in a carbon dioxide atmosphere, decreases linearly with the 
potassium content. The adsorptive capacity of charcoal to which potassium 
carbonate is added is also decreased. It is suggested that the decreased 
activity is due to an excessive activation of the burning process which des- 
troys the porous outer surface of the charcoal particles and hinders diffusion 
to the centre. 

An explosive carbonyl is formed when potassium reacts with carbon 
monoxide.* The kinetics of the reaction have been investigated by Shush- 
unoy,*® using special apparatus and procedures designed for studying such 
reactions.°* Potassium is coated on a wire in an enclosure which is then 
evacuated to about 10°°mm. Hg; an electric current is passed through the 
wire and any gases occluded in the alkali metal are drawn off. The metal 
is then slowly vapourised and some is collected on a suspended copper foil, 
the weight deposited being determined by the elongation of a fine spiral 
Suspension, using a vertically moving microscope. Carbon monoxide is then 
admitted and the increase in weight determined. For the reaction xK + xCO 
-- (COK), the increase in weight of potassium should be 72%; actually 
it is 78-5%. After pumping off excess carbon monoxide, water vapour is 


Refs. p. 1574 


1568 POTASSIUM 45e1 


slowly added; the observed increase in weight is 27~—31%, which gives a 
ratio of H,O/COK = 1 approximately. It it suggested that the reaction 
between potassium carbonyl and water proceeds according to the equation: 
(COK), + 2H,O -> CH,OH.COOK + KOH. Gases are given off in the reaction 
with water. The reaction of potassium carbonyl with oxygen gives incon- 
clusive results because it is violent and part of the reaction product is lost 
by spattering. 

Iodine pentoxide, used for the determination of carbon monoxide, must 
be free from potassium which may originate from the barium chlorate used 
in the preparation of the pentoxide. A high and constant reactivity of iodine 
pentoxide can be ensured by removing potassium from the barium chlorate by 
repeated recrystallisation.”° 

Metallic potassium, exposed to thé action of a solution of aluminium 
chloride in phosgene, reacts immediately; a gas is evolved and the metal 
is slowly corroded. An insoluble compound which appears to be a phos- 
genate of a slightly soluble double salt of potassium chloride with aluminium 
chloride is formed.*® Potassium and phosgene react explosively when sub- 
jected to shock.** (See Table V, page 1571). 

At elevated temperatures potassium reduces carbon dioxide to carbon 
monoxide and carbon.’ An explosive reaction occurs when solid carbon 
dioxide and potassium are subjected to shock.*?***7-* 

Dilute potassium amalgam reacts with carbon dioxide to yield potassium 
oxalate. The percentage yields at 20°, 100°,200°, 225° and 250°C. are 25, 60, 
72,68 and 61%respectively. There appears to be a relation between yield and 
half-wave potential of the various amalgams used for the above reaction, page 
440, Part 1 "Chemical Properties of Sodium". According to Henglein and 
Sontheimer”® the dependence of the yield of oxalate on the potential of the 
amalgams is due to the fact that carbon dioxide is reduced not only to oxalate 
but also further to carbon monoxide: 2M + CO, — M,O + CO, M,O + CO, > 
M,CO,. The smaller is the yield of oxalate the greater is the yield of car- 
bonate. Hohn, Fitzer and Nedwed*”* have made a detailed examination of the 
reaction with sodium amalgam, and the results apply also to potassium amal- 
gam. They show that the reaction velocity is practically independent of 
concentration; that the conversion rate is increased by stirring although 
the total yield is unchanged; that the reaction rate seems to increase with 
decreasing temperature and that the presence of impurities affects the reaction. 
Thus oxygen produces some peroxide, water vapour gives some carbonate 
and/or bicarbonate along with some carbon monoxide, and hydrogen 
and nitrogen do not affect the net result. No carbon monoxide is formed 
if moisture and air are rigidly excluded. 

Schwabe and Gebhardt?*? have made thermodynamic calculations which 
show that whereas the amalgams of sodium, potassium, lithium, calcium, 
barium, manganese and zinc should react with carbon dioxide to form oxa- 
lates, only the amalgams of lithium, calcium, barium, manganese and zinc 
should also reduce carbon dioxide to carbon monoxide. Although detailed 
experiments have been carried out only with sodium amalgam, the results 
are probably applicable to potassium amalgam. The effect of motion of the 
amalgam on the rate of formation of oxalate is greater than Hohn et al. re- 
ported. The regeneration of the surface and not a diffusion process deter- 
mines the rate, if the concentration (Na) is greater than 0-007%. The temp- 
erature and pressure effects of carbon dioxide on the rate of reaction are 
concentration effects; as the carbon dioxide pressure increases the rate 
increases linearly. The amount of oxalate formed decreases as air is added 
with carbon dioxide; with 50% of air no oxalate is formed. Earlier references 
to the reaction of amalgams with carbon dioxide are given.”*’** 
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Potassium is used in the vapour form as a promoter in various gas reac- 
tions, such as ammonia synthesis at 450°C. and 200atm. pressure in the 
presence of osmium or iron catalysts, or the production of hydrogen and 
higher hydrocarbons from methane at 1000. with a nickel catalyst.” Al- 
though the catalytic activity of potassium 1s extremely small compared 
with that of sodium, the sodium=—potassium alloys, particularly NaK and 
Nak,, are exceptionally active at the temperatures and pressures generally 
used for hydrogenation in the presence of nickel. In the laboratory, lkg. 
of the unsaturated compound C,H,, can easily be converted to C,H,, quan- 
titatively in the presence of 2% of magnesium oxide and 10% of alloy ina 
hydrogenizer in three hours.”® 

The reactions of potassium with metals are described on pages 1597-1618. 

The reaction of potassium with the oxides of molybdenum and tungsten 
are described by Hérold and Hatterer.°’ The action of potassium vapour on 
tungsten oxide, WO,, yields the potassium salt, K,WO,, which is in equil- 
ibrium with the composition K,,,WO, between 140° and 170. Compositions 
in the range K,WO,~K,,,WO, are changed by the action of water to 3K,WO, + 
W. The reactions are accompanied by the production of hydrogen and caustic 
potash. Potassium vapour and the oxide of molybdenum, MoO,, yield the 
compound K,,,,.MoO, which is reversibly transformed at sufticiently high 
temperatures to K,,,,MoO,. Potassium vapour and the potassium salt, K,MoO,, 
produce K,,,,MoO,. Compositions in the range K,,,,MoO,-K,,,,MoO, yield 
5K,MoO, + 3MoO by the action of water; those in the range K,,,MoO, - 
K,MoO, produce K,MoO, + 2MoO. The composition, K,,,,.MoO,, gives 8K,- 
MoO, + Mo. Each of these reactions is accompanied by the production 
of hydrogen and caustic potash, except the last which yields only caustic 
potash, Hérold and Hatterer®* have shown that by the controlled action 
of potassium vapour on molybdic anhydride, MoO,, the compounds, K,MoO, 
and K,Mo,O, are formed. The reaction: 2K,MoO, = K,Mo,O, + K is rever- 
sible. 

Potassium vapour produced by heating. calcium carbide and potassium 
chloride at 600-700. at 1mm. Hg pressure reacts with a number of metal 
compounds to give the free metal which is distilled off and condensed asa 
powder. Any residual potassium or its compounds may be removed from 
the product by washing first with methanol and then with water. In some 
cases the metal is redistilled. Antimony has been prepared in this way 
from its compounds Sb,0O,, Sb,S,, Sb,OS,, bismuth from its oxide, Bi,O,, 
beryllium from its fluoride or chloride, magnesium from a mixture of potassium 
and magnesium chlorides, zinc and calcium from their oxides, sulphides and 
silicates, calcium and lead from their oxides, sulphides and chlorides, chrom- 
ium, molybdenum, tungsten, uranium from their sulphides, from mixtures 
of potassium chloride and the corresponding chlorides, from alkali or alkaline 
earth chromates, molybdates, tungstates or uranates. Uranium has also been 
obtained from the halides, Na,UCl, and Na,UF,. Yields are of the order 
of 90% and the purity of the metal is generally 99-5%. Alloys may also 
be obtained by the reduction of mixtures.”° 

Equilibria in the molten state between potassium and sodium and their 
hydroxides, chlorides, bromides, iodides and fluorides have already been 
described in the section on the Chemical Properties of Sodium. (see Part 
1, page 440). 

Titanium and zirconium are produced by the exothermic reaction between 
their gaseous halides and molten potassium. External heat is required to 
start the reaction at 750°~900°C. which will then continue if continuous 
feeding of the halide, the rate of supply of the reducing metal and the area 
of the container are correlated to maintain the reaction temperature. Airis 
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expelled from the apparatus by the vapour of the halide which is held at 
above latm.*°° Many of the references given for the reduction of titanium 
tetrachloride by sodium refer also to reduction by alkali metals in general 
including potassium. 

Kéhler*® describes a process by means of which titanium tetrachloride 
is reduced by potassium amalgam to titanium amalgam; the mixture of amalgam 
and metal chloride is separated from excess mercury by distilling under re- 
duced pressure and the residue is extracted for titanium. The process 1s 
carried out in a closed cycle; potassium chloride solution is electrolysed 
in a chlorine-alkali electrolytic cell against a flowing mercury cathode and 
the potassium amalgam formed is passed into the reaction vessel. 

Glasser and Hampel’ have patented a process for the recovery of titanium, 
zirconium, hafnium, thorium, vanadium, niobium, tantalum, chromium, molyb- 
denum, tungsten and uranium in a pure crystalline form by the reduction of a 
halide of the metal, preferably a chloride, with an alkali amalgam such as 
potassium or sodium. The metals are not appreciably soluble in mercury 
of in the alkali metal salt produced in the reaction and do not form stable 
compounds with mercury. Many of the references already given for the 
reduction of metal halides to metals by means of sodium amalgam refer to 
amalgams of the alkali metals which would include potassium amalgam. 

A continuous process for the production of titanium from titanium tetra- 
chloride and a mixture of liquid potassium and lithium amalgams of compos- 
ition K:Li 4:1 by weight, is described by Hohn.’®* 

Pure zirconium may be obtained in the same way from solid zirconium 
tetrachloride. 

The mechanism of the reaction of potassium atoms with mercuric chloride 
has been studied by several workers.*°**°* The results have been reviewed 
by Bawn.’°? The primary reaction is K + HgCl, — KCl + HgCl; the second- 
ary reaction: K + HgCl — KCl* + Hg; KCl* +K -— K’+ KCl > K+hp. 
The luminescence, which accompanies the reaction, is weaker than in the 
case of the halogens and is found to be due to the secondary reaction. The 
reaction between potassium vapour and cupric chloride or bromide vapour 
at 300C. causes the emission of light having the same spectrum as the 
corresponding cuprous halides. The reaction is thought to be a wall reaction 
as in the case of mercuric chloride. Potassium vapour reacts with solid 
cupric halide giving solid potassium chloride and gaseous cuprous halide. 
The surface light is intense whereas the gas space light is weak. The 
colour of the surface light from the cupric chloride reaction is bluish green 
extending from $500—3900A., almost completely in the region of the cuprous 


chloride spectrum: the colour of the surface light from the cupric bromide ~ 


reaction is blue or bluish violet and the spectrum extends from 5000—3800A4., 
corresponding to the cuprous bromide spectrum. 

The spectrum for the space light is the same for both salts. 

According to Polanyi and Schay, when potassium vapour at 0-01 mm. 
pressure is brought into contact with the vapour of tin tetrachloride, tetra- 
bromide or tetraiodide reaction occurs with the emission of an intense and 
continuous luminescence; reduction to the dihalide occurs and there is no 
deposit on the walls of the apparatus. Tin tetrachloride gives a visible blue 
light, the tetrabromide a green and the tetraiodide a yellow light. With tin 
tetrachloride, no hydrogen chloride can be detected when hydrogen is admitted 
to the system. The luminescence reaction is thought to be due to the com- 
bination of two SnCl, radicals formed by the action of potassium vapour on 
the tetrachloride: K -+ SaCl, — KCl + SnG@l3 SaGho SoGhe-> SonGigg 
SnCl, + hv.*°%*#° Ogg and Polanyi** consider that the luminescence produced 
is due to the diabatic process: K + SnCl, -> KCl + SnCl,; 2SnCl, — SnCl, 


105,109 
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+ SnCl, + hv. 

A violent reaction occurs between vanadium oxychloride and potassium 
Bt 100°C." 

Mixtures of certain halides with potassium react explosively when sub- 
jected to shock by striking with a hammer as shown by the results obtained 
by Cueilleron,*® given in Table V. 


TABLE V.- EFFECT OF MECHANICAL SHOCK ON MIXTURES OF METALLIC 
POTASSIUM WITH VARIOUS HALIDES 


Halide Type of Halide | Type of Halide Type of 
Explosion | Explosion | Explosion 


NH,Br Weak Weak Hel, Strong 
NH,I Weak Weak HgCl Strong 
Sri, Weak | Strong BBY, Very violent 
Ccucl, Strong Strong AIF, Strong 
CuBr, | Strong | Strong Alcl, Strong 
Cucl Strong Weak AlBr, Strong 
CuBr Strong Strong Thcl Weak 
Cul Strong | Strong ThBr Strong 
cucl,,2KCl Weak | Strong Ccl, Very violent 
CuCl,,2NH,Cl,2H,O | = Strong Strong Sicl, Strong 
Agk Strong Strong Sncl, Strong 
Agcl Weak Strong Sncl, Strong 
SnI, +S Strong Very violent | BaF, None 
PCl, | Very violent Very violent | Bacl, None 
PBr, Very violent Weak BaBr, None 
ASCl, Strong Strong UCI, ,2K-Cl None 
AsI, Strong Strong MnF, None 
SdCl, Strong Strong 
SbBr, Strong None 
SbI, Strong © None 
Bicl, Strong None 
BiBr, Strong None 
Bil, Strong None 

| VCl, Strong None 
scl, Very violent None 
SBr, Strong None 
CrF', Weak None 
Crcl, Strong None 
MnCl, Strong None 
MnBr, Weak None 
MnI, Weak None 
FeCl, Very violent None 
FeBr, Very violent None 
FeCl, Strong None 
FeBr, Very violent None 

errel, Very violent None 


Explosions have also been obtained with potassium and the oxychlorides 
of copper, lead and vanadium, the iodates of sodium and silver, the peroxide 
and sulphate of lead, and boric acid. Such reduction of oxygen-containing 
compounds is no doubt very general. 

When monochlorosilane, SiH,Cl, is brought into contact with potassium 
-by means of a vacuum process which excludes air, moisture and fat, the 
surface of the potassium becomes blue and further action is prevented by 
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the film thus formed. After heating for several hours up to 300°C., a deep 
seated reaction takes place, resulting in the formation of silicon, potassium 
hydride, potassium chloride and hydrogen.*** | 

Potassium may be used in place of sodium in the reaction with hydrogen 
and boron to prepare boron hydride.****** : 

Hydrogen is evolved when potassium is dissolved in molten aluminium 
chloride monoammine: AICl,,NH, + 3K = AICI,,K,N + 1+5H,."° 

The reaction of alkali metal vapours on porcelain has been examined 
by Tammann and Sworykin’® and the results given in Table VI refer to the 
temperature and time required to destroy the bottom of a porcelain crucible, 
2mm. thick. 


TABLE VI.- ACTION OF ALKALI METAL VAPOURS ON PORCELAIN 


at 465°C. at 740°C. at 740°C. 
after 7-5min. | after 24min. | after 40min. thickness is 0.03mm. 


Thus lithium vapour reacts more quickly and potassium vapour more 
slowly than sodium vapour. 

MacDonald and Stanworth’’’ describe a glass especially resistant to 
potassium and lithium usable for the preparation of alkali metals. The glass 
is of the type used in sodium discharge tubes with an inner lining of a borate 
glass which is free from silica. Other references to the action of alkali 
metals on glasses or ceramics are given under Sodium (see Part 1, page 499). 

Corrosion of materials by liquid metals is discussed by Miller? and many 
references to the literature are given. The evaluation of materials according 
to their corrodibility is summarised in Table VII; ratings are based princi- 
pally on data established for static tests and are as follows: "good" = rate 
of attack <lmils/year, "limited" = >1, <10; "poor" = >10. The results 
are based chiefly on a limited number of relatively small-scale laboratory 
tests and their principal value is that they can serve to eliminate many mat- 
erials from consideration, and to guide the selection of more promising mat- 
erials; they do not warrant the final selection of a material. 


TABLE VIL- RESISTANCE OF MATERIALS TO LIQUID POTASSIUM AT 
300°, 600° AND 800°C. 


Pure iron 800 Good 
Pure iron 600 Good 
Pure iron 300 Good 
Mild carbon steel 800 Poor 
Mild carbon steel / 600 Limited 
Mild carbon steel | 300 Good 
Low chromium steel with V, Mo or Si 800 Not tested 
Low chromium steel with V, Mo or Si 600 Limited 
Low chromium steel with V, Mo or Si 300 Good 
2—9% chromium steel with Ti, Mo or Si | 800 Limited 
2—9% chromium steel with Ti, Mo or Si | 600 Good 
2—9% chromium steel with Ti, Mo or Si | 300 Good 
Ferritic stainless steels 12—27% Cr | 800 Good 
Ferritic stainless steels 12—27% Cr 600 Good 
Ferritic stainless steels 12—27% Cr 300 Good 


continued On following page 
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TABLE VII.- CONTINUED 


Austenitic stainless steels 


Good 
Good 
Good 

Poor 

Poor 
Limited 
Not tested 
Poor 

Poor 
Limited 
Good 
Good 
Good 
Good 
Good 

Poor 

Good 
Good 

Not tested 
Poor 

Not tested 
Good 
Good 
Good 
Good 


18—8 and 25—20 Cr—Ni 
Grey cast iron 

Grey cast iron 

Grey cast iron 
Aluminium 
Aluminium 
Aluminium 

Beryllium 

Beryllium 

Beryllium 

Chromium 

Chromium 

Chromium 

Copper base alloys with Al, Si or Be 
Copper base alloys with Al, Si or Be 
Copper base alloys with Al, Si or Be 
Copper base alloys with Zn or Sn 
Copper base alloys with Zn or Sn 
Copper base alloys with Zn or Sn 
Cobalt-base alloys 

Cobalt-base alloys 

Cobalt-base alloys 

Molybdenum, Columbium, Tantalum, Tungsten 


Molybdenum, Columbium, Tantalum, Tungsten Good 
Molybdenum, Columbium, Tantalum, Tungsten Good 
Nickel and nickel alloys with Fe, Cr, Mo Good 
Nickel and nickel alloys with Fe, Cr, Mo Good 
Nickel and nickel alloys with Fe, Cr, Mo Good 
Nickel alloys with copper Limited 
Nickel alloys with copper Good 
Nickel alloys with copper Good 
Platinum, Gold and Silver | Poor 
Platinum, Gold and Silver Poor 
Platinum, Gold and Silver Not tested 
Titanium Limited 
Titanium Good 
Titanium Good 
Zirconium Not tested 
Zirconium Good 
Zirconium Good 
Alumina Limited 
Alumina Good 
Alumina Good 


Graphite (dense) 

(Ordinary graphite is rapidly and completely 
dispersed resulting in a mushy slurry) 
Beryllia (dense) 
Beryllia (dense) 
Beryllia (dense) 


Poor 
Good 
Good 
Good 
Good 
Good 


continued on following page 
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TABLE VII.- CONTINUED 


Materials 


Magnesia (crucible) Poor 
Magnesia (crucible) Limited 
Magnesia (crucible) Not tested 
Porcelain and other Silicates Not tested 
(see ref. 76) Not tested 
| Good 
Pyrex glass Not tested 
Pyrex glass | Poor 
Pyrex glass Limited 
Titania and Zirconia Not tested 
Titania and Zirconia Not tested 
Titania and Zirconia Not tested 
Fused Quartz Not tested 
Fused Quartz Not tested 
Fused Quartz Good 


The above results also apply to liquid sodium and sodium-potassium 
alloy except for graphite (dense) at 800. An investigation of the corroding 
effect of liquid potassium on magnesium, silver, aluminium, tungsten, chrom- 
ium, copper, iron, cobalt and nickel has been made by Eldred.*** 

Potassium reacts with oxygen-containing salts, nitrates, sulphates, hydr- 
oxides, chromates, manganates, silicates, but not with the carbonate or 
monoxide of potassium or with molten baths of potassium halides, amide and 
cyanide or hydride.’ 

Alkali metal dispersions including potassium dispersions, which are stable 
against settling and agglomeration and in which the dispersed metal does not 
exceed 5Op in size, are obtained by preparing an emulsion of the metal in an 
inert hydrocarbon in the presence of an emulsifying agent, as is illustrated | 
by examples given for sodium (see Fart 1, page 501). 

Metal vapours may be separated from gases by absorption ia molten tin 
distributed as discrete drops throughout a mass of granular refractory. The 
absorptive bed is particularly useful for removing metals with boiling points 
of 500~1000°C., e.g. sodium, potassium, arsenic, mercury, cadnium, or 
zinc.’7° An example involving the separation of sodium vapour and carbon 
monoxide is given in Part 1. 

_ For other references to the chemistry and industriai uses ot the alkali 
metals, and to the handling. hazards and precautions necessary when working 
with the metals, see Part 1, page 440, The Chemical Properties of Sodium. 
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REACTIONS OF POTASSIUM IN LIQUID AMMONIA 


A. Inorganic Reactions 


Reactions of inorganic substances with solutions of metals (including 
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the alkali metals) in liquid ammonia have been described by Watt’ and num- 
erous references to original papers up to January Ist, 1949, are given. 

In the absence of catalysts, the rate of interaction of metals with liquid 
ammonia is negligible compared with the rates of most of the reactions 
studied in these solutions. 

An earlier review of the reactions of solutions of metals in liquid am- 
monia, with numerous references, is also given. by Fernelius and Watt.’ 

There is no conclusive evidence that the rare gases cr the transitional 
or rare earth elements react with liquid ammonia solutions of metals. 

The reduction products have not always been isolated, but their com- 
positions have for the most part been determined. In many cases the com- 
positions of the reaction products have been established by means of potent- 
iometfic titrations, points of inflexion indicating compound formation. 

By the slow oxidation of potassium in liquidammonia, potassium monoxide 
is first formed but is then ammonolysed to give potassium hydroxide and 
amide. The amide is subsequently further oxidised to potassium hydroxide 
amamditrites he et 0250.) —-. KO; K.0O7+) NH, “KOH +: KNH,;~-2KNH, + 
I*5O,— KOH . KNO,. 

When the oxidation of potassium is carried out at a rapid rate, the initial 
product is potassium dioxide which on further oxidation is converted to 
potassium superoxide, KOQ,, referred to by the authors as potassium tetroxide, 
PaO ves inhesreactions are: K.24+40, <>. K,0,;" K,0, .+° 0). K,0; (2K0,),. 
To isolate the dioxide, the reaction is interrupted as soon as the free metal 
has disappeared. The dioxide is a white compound sometimes tinged with 
yellow owing to the presence of some potassium superoxide. It does not 
react with liquid ammonia even on long standing but is readily oxidised to the 
superoxide. The dioxide is very reactive; on admitting air, or water, con- 
siderable heat is developed and explosions may occur. After an explosion 
in air or water the products of reaction are coloured red, yellow and purple. 
The superoxide, KO,, is a stable compound unaffected by dry air. It dis- 
sociates at temperatures above 300. The process is reversible but the 
dissociation pressures appear to depend on the oxygen content of the solid 
phase. The final product of dissociation has.a composition corresponding 
to the formula, K,0,. This compound has not been detected in liquid ammonia 
solutions of potassium treated with oxygen. On exposure to moist air potas- 
sium superoxide loses oxy gen irreversibly between 100° and 200°C.” 

Kraus and Parmenter® describe potassium superoxide as a cream coloured 
solid formed by adding excess of oxygen to a liquidammonia solution of potas- 
sium. Decomposition of the oxide with water gives K,0,3H,O + 40,. The 
dioxide is described here as light yellow in colour; it forms a hydrate with 
water, K,0,,2H,O and with excess of water yields K,0,3H,O + 40,. The 
trioxide, K,O,, formed from the calculated amounts of oxygen and potassium 
in liquid ammonia at -33 C., is chocolate brown in colour and is first hydrated 
with water to K,O,,H,O and then decomposed by excess of water to the 
monoxide hydrate We O,3H,O and oxygen. 

Potassium superoxide in liquid ammonia reacts with stoicheiometric 
amounts of zinc nitrate and copper nitrate tetra-ammoniate but not with 
lithium and calcium nitrates. Solid superoxides cannot however be isolated 
because they are too unstable. The reactions with zinc nitrate are: Zn- 
oO.) + 2KO, — Zn(O,), +.2KNO,; Zn(O,), — ZnO, + O,., This is a 
method by which anhydrous peroxides may be “obtained. Some decomposition 
of the peroxide to the monoxide results in ammonolysis, hydroxide and amide 
being formed. This occurs to a larger extent with copper nitrate tetra-am- 
moniate because the copper ion catalyses decomposition of the peroxide to 
monoxide which then gives rise to copper hydroxide and copper amide. 
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Potassium superoxide is less soluble in liquid ammonia than is sodium 
superoxide.© Other references to the action of oxygen on potassium in 
liquid ammonia are given,’»’** 

The reaction of ozone with potassium in liquid ammonia at -70°C. has 
been studied.® A gelatinous white precipitate of potassium hydroxide is 
first formed, the blue colour of the metal solution disappears, the precipitate 
then dissolves and a deep-orange solution and a precipitate form. Much 
Nitrate is present in the reaction product. About 2/3 to 3/4at. of oxygen 
is present per mol. of hydroxide. Potassium ozonide is probably formed 
but the compound is too unstable to permit isolation and examination. The 
readiness of formation and the stability of ozonides of the alkali metals 
increase in the order: sodium, potassium, rubidium, caesium. 

Sulphur reacts very rapidly with potassium in liquid ammonia at -—33°C. 
giving first a white, apparently amorphous precipitate of potassium mono- 
sulphide. Further reaction with sulphur yields a light yellow or orange 
disulphide which in turn is converted to the tetrasulphide; this compound 
is soluble in liquid ammonia giving an orange yellow solution. Further 
quantities of sulphur are at first readily dissolved and the higher polysulphide 
formed produces a red coloured solution. The reactions are represented 
by the, equations: 2Kii+0S <“2uk{S3°K SshaS” == oS. eke eae K3S,3 
Koya 4)o o> K.Sxs° 

Potassium monosulphide, which is white when pure and may be kept 
unchanged in pure nitrogen or:under vacuum, becomes coloured on exposure 
to moist air. Zintl and co-workers*’ have investigated the crystal structure 
of this compound by X-ray methods and find that the side of the lattice, a, is 
7°391A. and the calculated density 1°80; the experimental value for the 
density is 1-74. Klemm, Sodomann and Langmesser™’ give a = 7+39A. and 
the calculated density as 1+809, in good agreement with the above results. 
The disulphide is yellow, the trisulphide brown, the tetrasulphide wine-red 
and the pentasulphide dark brown. The trisulphide exhibits pyroelectricity. 

Watt and Otto'* describe an apparatus for use in potentiometric titrations 
of liquid ammonia solutions of potassium with solutions of potassium poly- 
sulphides in the same solvent at -38°C., giving complete procedure and 
operational details. The polysulphides are prepared in situ and potentio- 
metric titrations carried out in the presence of either sodium or potassium 
iodide. The results are given in Table VIII. ve 


TABLE VIII.- POTENTIOMETRIC TITRATIONS OF POTASSIUM POLYSULPHIDES 
WITH POTASSIUM IN LIQUID AMMONIA AT -38°C. 


Composition of Polysulphide | Normality | Iodide Added | Compounds Indicated at 
Points of Inflexion 


06-0443 | 100-5mg. Nal K,S,, MS 


where M = K and/or Na 


When sodium iodide is present in place of potassium iodide, there is no end 
point corresponding to the monosulphide; moreover a different compound 
of formula M,S, is found. This difference in behaviour could be attributed 
to the altered solubility relationships due to the presence of sodium ion. 

Selenium reacts very readily with potassium in liquid ammonia at -33°C. 
Initially a white, sparingly soluble and apparently amorphous precipitate 
of potassium monoselenide is formed. This reacts with more selenium to 
form soluble potassium diselenide which in turn forms very soluble poly- 
selenides. The average composition of the higher polyselenides in equili- 


brium with selenium is K,Se, ,; it is probable thatthis composition represents 
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a mixture of tetraselenide and hexaselenide. The reactions are: 2K + Se 
ec eho hiner 7 hoe.) Kioesitoe —> K,Se,30 K Sent. Sei: K,Sei 
K,Se, + (« - 4)Se — K,Sex, where x = 5—6. Very dilute solutions of the 
selenides are: colourless K,Se; pale red K,Se,; pale yellowish green 
K,Se,; pale yellow K,Se,, pale yellow K,Se,.°° The crystal structure of the 
monoselenide has been investigated by Zintl et al.;** the lattice constant 
a = 7-676A., the calculated density is 2+29. Klemm, Sodomann and Lang- 
messer’* have prepared potassium monoselenide from its elements in liquid 
ammonia and examined its crystal structure. The lattice side is 7°67A., 
and the calculated density 1-809. The above authors have also investigated 
the system K,Se-Se by thermal and X-ray analyses. The following compounds 
are found: K,Se, K,Se,, K,Se,, K,Se, and K,Se,. There is no.evidence 
of the existence of a hexaselenide. The triselenide, K,Se,, exhibits strong 
pyroelectricity. 

Potassium monotelluride, K,Te, has been prepared from its elements in 
liquid ammonia. It is white and insoluble in liquid ammonia. Its crystal 
structure has been examined by X-ray methods and the side of the lattice 
found to be 8+152A., giving a calculated density 2:51 as against the experi- 
mental value 2-52.** Klemm, Sodomann and Langmesser have also prepared 
the monotelluride in this way and report the lattice dimension as 8.14A.”’ 

Reactions of phosphorus and potassium in liquid ammonia have been 
investigated by Brauer and Zintl** and by Evers.’* Incomplete reaction 
occurs with red phosphorus,** but by using white phosphorus the compound 
K,P,is obtained. This compound is even less soluble than the corresponding 
lithium and sodium compounds and the colour at the end point is a deeper 
orange than with lithium and sodium, a red polyphosphide being formed. The 
compound K,P, may be reduced with lithium or sodium in liquid ammonia 
to a compound of empirical formula M,P. It is unlikely that these compounds 
are mixtures since on removal of the solvent they appear to be uniform. The 
probability of the formation of a dimer, K,P,-P,K, is discussed. Normal 
phosphides have not been detected. 

Arsine reacts vigorously with potassium in liquid ammonia at ~78°C., 
the colour of the solution changing from the intense blue of the alkali metal 
solution to green and finally to a brilliant yellow. Hydrogen is liberated. 
The reaction is: K + AsH, ~ KAsH, + 4H, On removing the solvent 
ammonia a pale yellow, almost white solid is left. It does not take up 
ammonia of crystallisation, nor is it ammonolysed. It may be kept unchanged 
for G6Ohr. in a vacuum at room temperature. There is no evidence of decom- 
position below 115°C. but at this temperature it begins to darken, becomes 
brown and liberates hydrogen. Decomposition is complete at 175°C. and 
the residue, which is a polyarsenide of potassium, is blue-black. Potassium 
dihydrogen arsenide reacts vigorously with air liberating much heat, and 
the brown solid formed presumably contains arsenic and solid arsenic—hydro- 
gen compounds. A liquid ammonia solution of potassium dihydrogen arsen- 
ide when treated with ammonium bromide gives off arsine: KAsH, + NH,bBr 
_-— KBr +NH, + AsH, The compound KAsH, and ammonia are formed when 
arsine is passed into a liquid ammonia solution of potassium at -78°C. 
to which a few milligrams of ferric nitrate have been added to catalyse the 
formation of potassium amide: KNH, + AsH, — KAsH, + NH, Methyl 
chloride reacts with potassium dihydrogen arsenide in liquid ammonia at 
-78°C. to form methylarsine and potassium chloride: KAsH, + CH,Cl -> 
KCl + CH,AsH,. On treatment with potassium in liquid ammonia at -78°C., 
methylarsine is converted into the potassium derivative: CH,AsH, + K — 
CH,AsHK + 4H,. Addition of ammonium bromide regenerates methylarsine; 
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CH AsHK + NH, Br — KBr 4 CH AsH. + NH.. 

Potentionetie titrations of figela ammonia solutions of bismuth tri-iodide 
with a solution of potassium in liquid ammonia give points of inflexion cor- 
responding to the compositions K,Bi,, K,Bi, and Bi.’’ 

Liquid ammonia solutions of bismuth oxyiodide, BiOI, are reduced at room 
temperature by potassium: BiOI + 3K + NH, > Bi + KI + KOH + KNH,; the 
reaction with potassium amide is represented by the equation: BiOI Fe KNH, 
-> BiONH, + KI. Excess of alkali metal forms bismuthides, but less readily 
in the case of potassium than with sodium.*® 

Potentiometric titrations of thallium chloride TICl, with potassium in 
liquid ammonia have been carried out by Watt and co-workers.’” Elemental 
thallium produced competes in the reduction of the chloride; there is evidence 
that the products of the reaction are KTI and elemental thallium.” 

Silver iodide and chloride are reduced by excess of potassium in liquid 
ammonia to silver, and hydrogen is evolved. The precipitated silver cata- 
lyses the reduction of the halides; it is not reactive towards air. Silver 
cyanide is also reduced to silver with evolution of hydrogen; some hydrogen 
is adsorbed on the silver precipitate which is sometimes pyrophoric. The 
corresponding reaction occurs with silver cyanate; silver is precipitated 
but the ion OCN is not reduced. With silver thiocyanate silver is precip- 
itated and there is some reduction to the ion CN. Silver precipitated from 
liquid ammonia solutions of potassium with silver iodide or cyanide catalyses 
the reaction of calcium with ammonia.” 

Zintl, Goubeau and Dullenkopf,** by means of potentiometric titrations 
of liquid ammonia solutions of potassium with lead iodide solutions in liquid 
ammonia, have found evidence, illustrated in Table IX, for the presence 
of the compound K,Pb,. 


TABLE IX.- POTENTIOMETRIC TITRATIONS OF LEAD IODIDE WITH POTASSIUM 
IN LIQUID AMMONIA 


Temperature In In Burette Point of Composition at 
Reaction Vessel Inflexion | Point of Inflexion 
° 12-27mg. K 91-1mg. Pbl, K,PD, 20 


in 75ml. NH, in 76°18ml. NH, 


about 0-1 g. K 
in 75 ml. NH, 


about 0°78. 
EOL in 
71-98ml. NH, 


In spite of working with very dilute solutions no compound analogous 
to Na,Pb, can be detected. A green solution of the compound K,Pb,,xNH, 
in liquid ammonia is described by Zintl and Kaiser.” 

Ferrous bromide, FeBr,, when treated with potassium in liquid ammonia 
at -33-5°C. yields an igeolible mixture containing iron, the nitride, Fe,N, 
and one or mofe products from the reaction of potassium amide and ferrous 
bromide. The iron produced in this reaction is pyrophoric, does not contain 
adsorbed hydrogen, and is inactive as a catalyst for the hydrogenation of 
certain olefines at 30°C. and hydrogen pressure of 2atm.” In a later paper 
Watt’’ reports that the reduction of ferrous bromide with potassium in liquid 
ammonia is very complex and apparently does not involve the iprmation of the 

ton Fe’, 

Nickel salts such as the chloride, bromide, iodide, py eco acetate 
and cyanide are reduced by potassium in liquid ammonia at -33-5°C., nickel 
being precipitated. Small amounts of nickel amide are also formed when 
the nickel salt is present in excess. The free nickel formed is pyrophoric, 
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probably because of adsorbed hydrogen, and is an excellent catalyst for 
the reaction between sodium, potassium or calcium and ammonia: NiBr, + 
Be Nie eels 2h FN =~ 92K NH, 9+ H,; NiBr, +> 2KNH, #°2NH, = 
2KBr + Ni(NH,),,2NH,. The last reaction may be minimised by a short time 
of reaction and by the rapid addition of the alkali metal in an amount only 
slightly in excess of the stoicheiometric amount. Nickel having a purity 
of 98—99% may be obtained by adding an ammonium salt to convert the amide 
to a soluble nickel salt: Ni(NH,),,2NH, + 2NH,I — Nil,,6NH,. The cata- 
lytic activity of the nickel produced is considered to be due to the presence 
of adsorbed hydrogen. Adsorption is partially or completely inhibited by 
the presence of iodide ion during the reduction process. Nickel prepared 
from nickel iodide is not appreciably pyrophoric and is a very poor hydro- 
genation catalyst. The catalytic activity of nickel produced from nickel 
bromide is very much reduced if the reaction is carried out in the presence 
of potassium iodide." The relative catalytic activities of nickel produced 
by the reduction of nickelous bromide with liquid ammonia solutions of dif- 
ferent alkali metals have been examined by Watt and Mayfield. The rates 
of solution of the alkali metals in liquid ammonia and the rates of the reaction 
with nickelous bromide increase from lithium to caesium. The solubilities 
of the bromides and the amides increase in the same direction. The nickel 
obtained with the different alkali metals differs only in surface area, the 
catalytic activity per unit area being substantially constant for all the re- 
ducing metals, i.e. lithium, sodium, potassium, rubidium and caesium.’ 

Nickel amide, Ni(NH,),, is reduced to nickel in liquid ammonia solutions 
of potassium.” In the reduction of nickel acetate to nickel the acetate ion 
is not reduced.™ 

Magnesium catalyses the formation of potassium amide in liquid ammonia: 
K + NH, — KNH, + 4H,; magnesium reacts with the amide: Mg + 2KNH, 
—> Mg(NB,), + 2K; more potassium amide is formed which reacts with mag- 
nesium amide to give the sparingly soluble, crystalline potassium ammono- 
magnesiate, Mg(NHK),,2NH,.-”” 

Potentiometric titrations of the iodides of gallium-III and indium-III with 
potassium in liquid ammonia give evidence for a three electron change res- 
ulting in the formation of the elemental metal.” 

Potassium reacts with aluminium in liquid ammonia as follows: Al + 
3KNH, = AI(NH,), + 3K; Al(NH,), + KNH, -—> AI(NH,),NHK.NH; 3K + 
3NH, = 3KNH, + 1+5H,.” 

The possible reaction mechanisms for the system Al iodide~-K-KNH,- 
liquid ammonia have been discussed by Watt and co-workers” on the basis 
of the results of potentiometric titrations. The reaction with potassium 
amide produces aluminium amide, Al(NH,),, which is converted to the potas- 
sium derivative, KAI(NH,),, by reaction with potassium amide.” 

Liquid ammonia solutions of potassium react rapidly and exothermally 
with aluminium triiodide at -70°C. with evolution of hydrogen, until an ap- 
parent end point is reached (i.e. temporary retention of the blue colour of the 
metal solution). The reaction then proceeds at slow rates similar to those 
of the alkali metals with ammonia. The solid products isolated are mixtures 
of ammonobasic compounds, Al(NH,),I and Al(NH,),- There is no evidence 
of the presence of the ions Al** or Alt. ; ; 

Potassium in liquid ammonia solution reacts with ammonium aitrate to 
form ammonia, potassium hydroxide and dipotassium nitrite according to the 
equation: NH,NO, + 3K — NH, + KOH + K,NO,.”° i y ere aks 

Ammonium azide, NH,N,, reacts vigorously with potassium in lig uid 
ammonia to give potassium azide, ammonia and hydrogen: K + NH,N, > 
KN, + NH, + 4H,.”" 
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The heat of reaction of dilute solutions of ammonium bromide and chloride 
in liquid ammonia with potassium in the same solvent has been measured 
in a liquid ammonia calorimeter at -33°C. From the known heat of solution 
of potassium in pure liquid ammonia the heat of reaction of the dilute metal 
solution with ammonium ion has been calculated. A mean value of 40-4 
kg.-cal, is obtained for all the alkali metals examined, i.e, for lithium, sodium, 
potassium and caesium. It is considered by Coulter and Maybury*’ that the 
reactions which occur are: M + NH,* —> Mt + NH, + 4H, followed by e~am + 
NH,*am Ps NH,(g) t AH, (gas). 

The hydrogen liberated in the above reaction has been used in situ to 
reduce many organic compounds. The presence of an excess of ammonium 
bromide in a solution of potassium in liquid ammonia at -—33-5°C. does not, 
however, affect the reaction which takes place with silver-I iodide, bismuth-III 
oxide or germanium-IV oxide in the absence of ammonium bromide.’ 

Ammonium chromate and dichromate are partially reduced by potassium 
in liquid ammonia and give a green solution; some potassium amide is also 
formed.* 

Potassium nitrate is reduced by potassium in liquid ammonia;*”” the 
Nitrate ion is reduced to nitrite and dipotassium nitrite, or potassium hydro- 
Nitrite, K,NO,, is precipitated according to the equations: KNO, + 2K + NH, 
— KNO, + KNH, + KOH; KNO, + K —~ K,NO,. This compound, unlike 
the-corresponding sodium salt, is not explosive. 

Sodium mitvite is converted to potassium sodium , hydronitrite, KNaNO,, 
by the action of potassium in liquid ammonia solution.® 

Silver nitrate is reduced to silver.” 

The reduction of cobalt nitrate by potassium in liquid ammonia has been 
investigated by Watt and Otto*’*® and later by Watt, Choppin and Hall.*” The 
mechanisms of the reactions first suggested are: 


(2) Co(NO,), + 2K Co(NO,)NO, + K,O 

(b) K,O + NH, > KOH + KNH, 

(c) Co(NO,)(NO,) + KNH, -> Co(NO,)(NH,) + KNO, 

(d) Co(NO,)(NH,) + KOH + NH, -> Co(NH,), + KNO, + H,O 
=> 


Y 


(e) KNO, + 2K KNO, + K,O 

or alternatively: 

(f) Co(NO,), + 4K — Co(NO,), + 2K,0 
(g) 2K,0 + 2NH, —> 2KOH + 2KNH, 
(h) Co(NO,), + 2KNH, > Co(NH,), + 2KNO, 


Watt and co-workers!” later preferred the first group, (a) to (e). 

Potassium permanganate is reduced by potassium in liquid ammonia to 
potassium manganate, K,MnO,, and manganese oxides; this reaction occurs 
rapidly and is followed by a much slower reaction: K,MnO, + 4K + 3NH, > 
MnO + 3KNH, + 3KOH. Potassium permanganate is reduced by potassium 
amide in liquid ammonia forming potassium manganate, ammonia and nitrogen: 
6KMnO, + GKNH, -> 6K,MnO, + 4NH, +N, i 

Cobalt oxide! Co 04 is reduced to CoO and finally to cobalt when treated 
with liquid ammonia solutions of potassium at 0°C. The extent of the reac- 
tion depends upon the ratio of the reactants Co,0,/K used. Both oxides 
react slowly with liquid ammonia sountions of potassium amide at room temp- 
erature to form complex mixtures.” 

Ferric oxide, Fe,0,, catalyses the conversion of potassium in liquid 
ammonia to potassium amide; this reacts with the oxide to form ferrous oxide, 
FeQ, and iron.*® Ferrous oxide is reduced only to a limited extent by potas- 
sium in liquid ammonia at 0°C.™ 
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Nickel oxide, Ni,O,, also catalyses the conversion of potassium to the 
amide in liquid ammonia but to a less extent than does ferric oxide. An 
intractable mixture of insoluble products is obtained when the nickel.oxide 
is treated with potassium in liquid ammonia at 25°C. The oxide, NiO, also 
catalyses the formation of potassium amide but to a lesser extent than does 
the higher oxide, Ni,O,. At O°C. the oxide, NiO, is reduced by potassium 
in liquid ammonia to nickel; the reduction is 0+3, 0-5, 1°4 and 4.3% respec- 
tively when 2, 4, 8 and 12 equivalents of potassium are used. The oxide 
does not react with potassium amide in liquid ammonia in 72hr. at 100°C.°° 

The addition of ammonium chloride and hydrogen sulphide to the reaction 
product of potassium and carbon monoxide in liquid ammonia (in the absence 
of air and moisture) produces a mixture of three organic acids, one of which 
has been identified as glycollic acid.*® 

The imide, Sn(NH), reacts with potassium in liquid ammonia to form a 
compound, K,Sn,.°” Compounds such as K,Sn, are salt-like, i.e. electrolytes, 
both in structure and in behaviour. The metallicity of the compounds is 
considered to be a molecular rather than an atomic property.** 

According to Burgess and Fastes** potassium tetracyanonickelate, K,Ni- 
(CN),, treated with potassium in liquid ammonia at -33:5°C., gives a bright 
red precipitate of potassium tricyanonickelate, K,Ni(CN),. They were how- 
ever unable to reduce this compound to the zero oxidation state of nickel, 
i.e. K,Ni(CN),, by addition of excess of potassium. Burbage andFernelius” 
Carrying out the reaction at 0°C. were able to reduce potassium tetracyauo- 
nickelate, K,Ni(CN),, from its II oxidation state to the I state, K,Ni(CN),, 
and the zero state, K,Ni(CN), but were only sometimes successful in ob- 
taining the zero state of oxidation at -—33-5°C. By potentiometric titrations 
Watt and co-workers*® have shown that by working at or near ~33+5°C. two 
one-electron steps are involved: [Ni(CN),]: —- e~ -»+ [Ni(CN),]", followed 
by [Ni(CN),]~” ~e- — [Ni(CN),]° which is slow at -33-5°C.; and that with 
excess of potassium one two-electron step is involved, the compound K,Ni- 
(CN), being converted directly to K,Ni(CN), without passing through the 
intermediate stage of K,Ni(CN),. The compound K,Ni(CN),, when freed from 
the solvent, is a copper-coloured solid which on treatment with water gives 
a red solution and liberates hydrogen.** 

Potassium hexacyanocobaltate, K,Co(CN),, is first reduced by potassium 
in liquid ammonia to potassium tetracyanocobaltate: K,Co(CN), + 2Kt + 2e7 
> 2KCN + K,Co(CN),, and then to potassium tetracyanocobaltate, K,Co- 
(CN),. 

Potassium tetracyanopalladate, K,Pd(CN),, is reduced by potassium in 
liquid ammonia to potassium tetracyanopalladate, K,Pd(CN),, which is ob- 
tained as a light yellow crystalline precipitate. On treatment with water 
it yields hydrogen, hydrogen cyanide, and metallic palladium.*?»* 

Potassium hexacyanochromate (III) is reduced by potassium in liquid 
ammonia to a dark brown product extremely susceptible to oxidation by air 
and moisture.” 

A yellow product, sparingly soluble in liquid ammonia and possessing 
strong reducing properties, is obtained when potassium hexacyanomanganate 
(III) is reduced by potassium in liquid ammonia. The reaction might be 
represented thus: 2K,Mn(CN), + 5K — K,Mn(CN), + K,Mn(CN),. The em- 
pirical formula of the reaction product is K,,Mn,(CN),.,2NH, and it contains 
unipositive and zeropositive manganese, atom for atom.” 

Potentiometric titrations ofammines of rhodium, iridium, and platinum with 
solutions of potassium and potassium amide in liquid ammonia have been 
mafe by Watt and co-workers.** With tetrammine platinous bromide, [Pt 
(NH,),]Br,, and potassium in liquid ammonia at -38°C. the initial clear 
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solution becomes progressively darker until near the end of the titration 
when the colour fades rapidly and a pale yellowprecipitate forms. Excess of 
potassium added at this stage fails to produce the characteristic blue colour 
of the alkali metals in liquid ammonia or the anticipated potential for a liquid 
ammonia solution of potassium amide. The reduction proceeds to an ammine 
of platinum of zero state of oxidation, i.e. it is exactly a 2-electron change 
and the +1 oxidation state of platinum is not encountered. One g.-mole of the 
bromide requires exactly 2g.-atoms of potassium. trans-Diammine platinous 
bromide gives identical results. 

Similar reduction of bromopentammine iridium (III) bromide, [Ir(NH,)Brl Br 
results in a rapid discharge of the blue colour of the original solution and 
the slow formation of a cream coloured precipitate. The reaction is complex 
and observed changes in potential do not correspond to any reasonable or 
probable reactions. Titration of the same bromide with potassium amide in 
liquid ammonia solutions in the presence of an iron wire catalyst produces 
a finely divided white precipitate and the colour changes are from colourless 
to yellow, orange, and then bronze. Evidence is obtained in this case for 
stepwise replacement of bromide by amide groups followed by conversion 
of the resultant iridium (III) amide to, probably, a potassium amidoiridate (III). 
The reactions may be represented thus: IrBr, + KNH, — Ir(NH,)Br, + KBr; 
Ir(NH,)Br, + KNH, — Ic(NH,)Br + KBr; Ir(NH,),Br + KNH, — INH,), + KBr; 
Ir(NH,), + 3KNH, —> K,Ic¢NH,), or Ir(NH,), + 3KNH, — It(NHK), + 3NH,. 

Bromopentammine rhodium (III) bromide and potassium amide in liquid 
ammonia react similarly but only so far as to yield rhodium (III) amide.” 

Potassium reacts with tributylboron in liquid ammonia according to the 
equation: Bu,BNH, + K -— Bu,BNH,K + 4H,. The reaction carried out in 
ethylamine in place of ammonia does not yield stoicheoimetric amounts of 
hydrogen; unstable reaction products are obtained with trimethylboron.” 

The diammoniate of diborane, B,H,,2NH,, reacts with potassium in liquid 
ammonia according to the equation: K + B,H,,2NH, — KBH, + BH,NH, + 
VH, + NH,:, potassium borohydride and aminoborine are obtained on removing 
the solvent. Some ammonolysis occurs on evaporation of the solvent: BH,- 
NH, + xNH, — BH,_,(NH,),4, + *H,, but to a much smaller extent with 
potassium as reducing agent than with sodium and lithium.” 

Boron trifluoride ammine, BF,,NH,, reacts with potassium in liquid am- 
monia to give hydrogen, potassium fluoride and the amido compound BF,,NH 
The reaction may be expressed by: K + BF,,NH, > 4H, +KF + BF,NH,. SF 
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B. Organic Reactions in Liquid Ammonia 


An account is given by Watt’ of organic reactions with solutions of metals, 
including potassium, in liquid ammonia. General mechanisms are described 
with references to original papers up to January 1949. 

Many of the reactions already described for solutions of lithium and sodium 
apply also to potassium solutions. 

Saturated jhydrocarbons are not attacked; benzene does not react at low 
temperatures, nor does toluene.’ When water is added to a mixture of toluene 
and potassium in liquid ammonia, less than the theoretical amount of hydrogen 
is evolved and a highly unsaturated liquid product, boiling range 110 P—115°C., 
is obtained. Wooster and Mitchell* have found that neither potassium nor 
potassium amide reacts with toluene, tetraphenylmethane, pheny ethane or 
dibenzyl in liquid ammonia; they do however react with diphenylmethane, 
triphenylmethane, 1:2:2-triphenylethane and 1:1:2:2-tetraphenylethane to give 
intense red or orange-yellow potassium salts; only a slight reaction occurs 
with methyltriphenylmethane and 1:2:2:2-tetraphenylethane and potassium 
in liquid ammonia; potassium amide does not react. The carbon-carbon 
bond in the compound CPh,.CPh,, i.e. hexaphenylethane, is ruptured by potas- 
sium in liquid ammonia and the free radical reacts further to form potassium 
triphenylmethide.*"*»* 

The alkali metal salts of hydrocarbons react readily with alkyl and aryl 
halides and are used in syntheses. 

Stilbene reacts with potassium in liquid ammonia forming a reddish-brown 
solution of the dipotassium salt, PhCHK.CHK.Ph, which is stable at -78°C., 
and stable enough at —33-5°C. for its colour to be apparent, but which ammono- 
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lyses immediately at room temperature forming dibenzyl: PhCH=CHPh + 
2K -> PhCHK.CHK.Ph; PhCHK.CHKPh + 2NH, — PhCH,.CH,Ph + 2KNH,. 

- Triphenylethylene and potassium in liquid ammonia yield a product which 
on treatment with methyl sulphate is converted to 1:2:2-triphenylpropane, 
Ph, C(CH,).CH, Ph. 

Tetraphenylallene, Ph,C=C=CPh, reacts with potassium in liquid am- 
monia to give probably a mono-potassium derivative, Ph,CKCH,CHPh, or 
possibly a di-potassium compound. Crystalline methyl, ethyl and benzyl 
derivatives obtained from the alkali metal compound are identical with those 
prepared from tetraphenylpropylene. 

In the reduction of phenylated olefines with the alkali metals in liquid 
ammonia solution, the phenyl groups are not attacked, but the double bonds 
in the side chain may be saturated and the corresponding phenylated paraffin 
obtained by decomposing the organo-alkili compound with ammonium chlor- 
ide. 

When l:l-diphenylpropylene is added slowly to a concentrated solution 
of potassium in liquid ammonia, so that the alkali metal is always present in 
excess, a potassium derivative is formed from which 1:l-diphenylpropane 
may be obtained by treatment with ammonium chloride followed by removal 
of ammonia, washing and drying and distillation under reduced pressure. 
The potassium derivative reacts with benzyl chloride to give a saturated 
hydrocarbon: Ph,C=CHCH, + 2K -— Ph,CK.CHK.CH,;, Ph.CK-CHKCH a2 
NH, -> Ph,CK.CH,CH, + .KNHY) Ph CK CH CH. + :PRCH G) 7h. ler eras 
(Et).CH,Ph. If the potassium is present in only slight excess, subsequent 
treatment with benzyl chloride yields 1:1:4-triphenylbutylene: Ph,C=CHCH, 
+, K => Ph,G=CHCH.K +H; Ph,C=CHCH K+ PRCH.GIe >) K Gitar ne 
CH.CH,CH, Ph. | 

A reaction between phenylated paraffins and potassium amide in liquid 
ammonia occurs only when the benzohydryl group, Ph,CH-, is present.’ 

The polymerisation of styrene in liquid ammonia is catalysed by potas- 
sium, 

Potassium acetylide is formed by adding a liquid ammonia solution of the 
metal to acetylene in liquid ammonia at such a rate that there is no excess 
potassium present. In this way reduction of some of the acetylene to ethyl- 
ene is minimised.? Numerous references are given by Watt’ to the use of 
alkali metal acetylides or alkali metal substituted acetylides in the synthesis 
of organic compounds. 

Naphthalene is reduced by potassium in liquid ammonia, a 1:2:3:4-tetra- 
potassium addition product being first formed and about 75% ammonolysed 
even at —33°5°C. The suggested mechanism of the reaction is: C,,H, + 4K 
— C,,H,K,; C,oH,K, + 4NH, — C,,H,, + 4KNH,. Slow ammonolysis of ex- 
cess potassium in liquid ammonia also occurs as shown by evolution of hyd- 
rogen during the reaction: K + NH, — KNH, + 4H,.”° 

Usually halogens are removed quantitatively from organic compounds 
by solutions of metals in liquid ammonia: the reaction may be used for the 
quantitative determination of halogens in organic compounds. 

Triphenylchloromethane with potassium in liquid ammonia yields the 
mono-potassium derivative Ph,CK. 

Condensation products of allyl or substituted allyl halides are prepared by 
treatment with alkali metals in liquid ammonia solution.” 

Alcohols react readily with alkali metals in liquid ammonia solution form- 
ing alkoxides and hydrogen. Potassium alkoxides are generally more 
soluble than the sodium compounds: ROH + K —> ROK + ¥4H,, where R is 
CH,-, C,H,-, "-C,H,-, iso-C,H,-, iso-C,H,,-, PhCH,-. A mono-potassium 


derivative of ethylene glycol, CH,OHCH,OK, prepared by reaction with potas- 
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sium in liquid ammonia, may be converted to the dipotassium compound by 
heating the solid mono-salt.’ 

Reactions resulting in the formation of ethers are described by White, 
Morrison and Anderson.** Potassium dissolved in liquid ammonia is con- 
verted to potassium amide by the addition of ferric oxide (a rusty nail). 
Ethyl alcohol is added, when a white precipitate of potassium ethoxide is 
formed. On adding ethyl iodide a vigorous reaction occurs, the precipitate 
dissolves and a clear colourless solution is formed. On removing ammonia 
a 71% solution of diethyl ether is obtained. Ethyl n-butyl ether in 19% 
yield is prepared similarly by using n-butyl bromide in place of ethyl iodide; 
ethyl benzyl ether is formed in 81% yield by the addition of benzyl chloride 
to potassium ethoxide and many similar syntheses have been recorded. 

The simple aliphatic ethers are not attacked by solutions of metals in 
liquid ammonia. If however the ether contains at least one aromatic group, 
cleavage of a carbon-oxygen bond occurs in most cases. The information 
given by Watt’ on the cleavage of aromatic ethers by potassium in liquid 
ammonia at 20°C. is summarised in Table X. 


TABLE X.- CLEAVAGE OF AROMATIC ETHERS BY POTASSIUM 
IN LIQUID AMMONIA AT 20°C. 


Anisole Phenol about 100% 
Veratrole Guaiacol, pyrocatechol 
Propylveratrole Probably 4—hydroxy—3—methoxy— 
and 4~methoxy—3—hydroxy~ 
propylbenzenes 

No cleavage of -OCH, 

Partial demethylation 

No cleavage of -OCH, 

No cleavage of -OCH,* 

No cleavage of -OCH, 

No cleavage of -OCH, 
p~Hydroxyphenylpropane 
m=-Hydroxyvenzoic acid 


Dihydroeugenol 
Diisoeugenol methyl ether 
Diisoeugenol 
Vanillin 
Vanillic acid 
Egonol 
Dihydrosafrole 
Piperonylic acid 


*The aldehyde group is reduced to a primary alcohol group 


Not many reactions of ketones with potassium in liquid ammonia have 
been studied,* but Schlubach? has prepared a potassium derivative, C,H,O,K, 
by the action of potassium on dimethylpyrone in liquid ammonia. 

Benzophenone diethylketal reacts with potassium in liquid ammonia at 
--33*5°C. to form potassium ethoxydiphenylmethide and potassium ethoxide: 
Ph,C(OEt), + 2K -—> Ph,C(K)OEt + EtOK; about 14.4% of the acetal is 
Sieaved: Ph,C(OEt), + 4K: -> Ph,CK, + 2EcOK. 

A deep blue-violet solution of a monopotassium derivative is obtained 
when one mole of benzil reacts with one g. atom of potassium in liquid am- 
monia; with two g. atoms of potassium a deep red solution and a precipitate 
are obtained. Neither the mono- nor the di-potassium derivatives are pure 
because some of the benzil reacts with liquid ammonia to form high-melting 
products containing nitrogen. 

Benzophenoneimine reacts with potassium in liquid ammonia to fom 
intensely red and very soluble products. There is up to 50% reduction to 
benzohydrylamine or benzophenone-benzohy drylamine.* 

_ Acetophenone, PhCOMe, is reduced by potassium and tert.-butyl alcohol 
in liquid ammonia to ethylbenzene. If the reduction with potassium is started 
three hours after the addition of acetophenone to potassium ¢ert.-butoxide 
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in liquid ammonia, then only acetophenone is obtained. The carbinol, PhCH- 
MeOH, is similarly reduced to 1~ethyl-1:4-cyclohexadiene. The ketone, 
o-methoxyacetophenone, o-MeOC,H,COMe, is reduced in a few minutes by 
potassium and tert.-butyl alcohol in liquid ammonia to 6-ethyl-2-cyclohexen- 
l-one and a syrup is formed which partially crystallises on storage and is 
probably a self-condensation product of o-methoxyacetophenone; some crude 
o-methoxyacetophenone is also present. If the solution of the original 
ketone is kept for 4hr. in the presence of potassium tert.-butoxide in liquid 
ammonia, before reducing with potassium, the product contains 6-ethyl~2- 
cyclohexen—l-one together with a small amount of the methoxy compound, 
o-EtC,H,OMe, and a nonvolatile syrup which forms some crystals, the infra- 
red spectra of which show no OH band at 3y and no CO band at6p. The 
carbinol, o-MeOC,H,CHMeOH reduced with potassium in liquid ammonia 
containing tert.- -butyl alcohol gives an oil which gives a low yield of two 
2. 4—dinitropheny hydrazones, identical with the two derivatives of 6-ethyl- 
2-cyclohexen—1-one.”” : 

An account of the reactions of carbohydrates and related substances 
with alkali metal solutions in liquid ammonia is given by Watt. A number 
of potassium salts have been prepared as intermediates in the synthesis 
of carbohydrate derivatives but not isolated: tetra-potassium a-methylman- 
noside, tripotassium monoacetoneglucose, monopotassium diacetoneglucose, 
monopotassium acetone methylrhamnoside, monopotassium 2:3~acetone methyl- 
rhamnopyranoside, octapotassium sucrose and monopotassium heptamethyl- 
lsosucrose. 

Potassium and sucrose in liquid ammonia react rapidly at first until the 
formation of the di-potassium saccharide is completed; on addition of more 
potassium a slow reaction takes place and a white precipitate of a mixture 
of hexa- and hepta-— potassium saccharide is formed. Probably some octa- 
potassium saccharide is formed. The polypotassium saccharide is almost 
insoluble in liquid ammonia and is highly reactive; when dry it inflames 
rapidly in air.” 

Amagasa and Hori** have since prepared octabenzylsucrose from the 
above polypotassium saccharide and consider that the polypotassium sac- 
charide contains octa-potassium saccharide.** 

Diacetone glucose reacts with potassium in liquid ammonia to give a 
potassium salt, m.p. 150°C., which reacts with alkyl halides but does not 
form disaccharides when treated with acetohaloglucoses or diacetone-1- 
chloromannose.’ 

Starch and methylated starch form potassium salts when acted upon by 
potassium in liquid ammonia.’ 

Cellulose on treatment with alkali metals in liquid ammonia yields mono-, 
di-, or tri-alkali metal salts depending upon the amount of alkali metal 
used. The alkali salts are used to prepare cellulose ethers, esters, xan- 
thates and cellulose monoamine. | 

When lignin is treated with potassium in liquid ammonia, extensive de- 
methylation occurs at -33-5°C. and at 20°C. and phenolic decomposition 
compounds are formed. Cellulose and carbohydrate fragments are also 
obtained. Whereas methylglucoside is aot attacked, phenylglucoside is 
degraded to glucose and other decomposition products.” 

Acid amides react with alkali metal solutions in liquid ammonia to form 
salts, hydrogen being liberated. The potassium salt obtained from acetamide 
reacts with ethyl bromide to give ethylacetamide. Ethylacetanilide is ob- 
tained in a similar manner from potassium, acetanilide, liquid ammonia and 
ethyl bromide.”* 

o~-Formotoluide when treated with potassium in liquid ammonia yields 
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51% of indole.' 

Urea reacts rapidly with the alkali metals in liquid ammonia to fom 
mono~alkali salts and then more slowly to form the di-alkali salts.' 

Proteins such as silk fibroin, casein, edestin and silk react readily with 
potassium in liquid ammonia to form hydrogen and ammonolytic products 
containing potassium. 

Nitrosobenzene reacts with potassium in liquid ammonia to form dipotas- 
sium phenylhydroxylamine: C,H,NO + 2K — C,H, N(K)OK.’ 

Aniline reacts with potassium in liquid ammonia to give a monopotassium 
salt which on subsequent treatment with ethyl bromide yields mono-ethyl 
aniline with only traces of diethylaniline. Similarly diphenylamine reacts 
with potassium in liquid ammonia to give a potassium derivative from which 
ethyldiphenylamine may be prepared by further treatment with ethyl bromide.” 

Hydrogen is evolved and the blue colour of potassium in liquid ammonia 
is discharged by the addition of pyrrole. The potassium salt has not been 
isolated in a crystalline form.’ 

Extensive reduction of carbazole occurs with potassium in liquid am- 
monia; the solution becomes intensely coloured and only a small amount 
of hydrogen is liberated.’ 

Piperonylic acid is converted to m-hydroxybenzoic acid by the action 
of potassium in liquid ammonia at -70°C. Dihydrosafrole is reduced under 
similar conditions to p=hydroxypropylbenzene. The coumaran ring in dilso- 
eugenol and its methyl ether and the coumarone ring in egonal are ruptured 
by treatment with potassium in liquid ammonia at 20°C. The heterocyclic 
ring in d,l-epicatechin is not ruptured by potassium in liquid ammonia.’ 

Potassium in liquid ammonia reacts with sulphur compounds; use is 
made of this reaction to purify petroleum.’ 

Gemane, GeH,, reacts with potassium amide in liquid ammonia and the 
monopotassium salt, KGeH, is formed.** Triethylgermanyl, EtGeH, reacts 
with potassium in ethylamine to form potassium triethylgermanide, Et,GeK, 
which is stable in liquid ammonia." 

The lead organo-compound, (Ph,Pb),, is converted by potassium in liquid 
ammonia to the potassium salt, Ph,PbK, which on further treatment with 
benzyl chloride forms tri phenyl-benzyl lead. ‘ 

Potassium reacts with tributylboron, Bu,B, in liquid ammonia according 
to the equation: Bu,B,NH, + K —-.KNH, BBu, + 0°5H,. A similar reaction 
carried out in ethylamine. instead of liquid’ ammonia does not yield the stoich- 
eiometric amount of hydrogen.’® 

Organobismuth halide compounds react with potassium in liquid ammonia 
to. give highly reactive, deep red R,BiK compounds which decompose 
slowly to R,Bi compounds but are sufficiently stable to react promptly with 
organohalides, i.e. RX compounds, to form unsymmetrical organobismuth com- 
pounds R,RBi, and a water-soluble type, R,BiC,H,COOH. The first reaction 
is represented Dy. PO. bile 2K > Ph ,BiK” + KI. 7 
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REACTIONS OF POTASSIUM WITH ORGANIC COMPOUNDS 


The simple alkyls and aryls of potassium are prepared by treating the 
metal with a mercury alkyl or aryl, using light petroleum as a solvent for 
the mercury compound; on continued shaking of the reaction mixture a sus- 
pension of the organo-potassium compound is formed. For example when 
potassium in definite excess is treated with diethyl mercury in petroleum 
ether, ethyl potassium is formed. The reaction, Et,Hg + 2K = 2EtK + Hg, 
is reversible, but with excess of potassium goes essentially to completion; 
in this case potassium amal gam is also formed.’ Methyl potassium is ob- 
tained in a similar manner.* An immediate reaction occurs, as is shown 
by the formation of potassium amalgam, when potassium shavings in benzene 
are treated with diethyl mercury; a gas is given off and the benzene becomes 
warm. The mixture is stirred without heating for 48hr. On cooling to 7°C. 
and carbonating with carbon dioxide, a yield of 33% of benzoic acid and 14% 
of terephthalic acid with some phthalic acid is obtained. The gas evolved 
is chiefly ethane with small amounts of ethylene and hydrogen. The primary 
reaction is the formation of ethyl potassium which then reacts with benzene 
which is metalated to phenyl potassium: C,H, + EtK -> PhK +C,H,. The 
isolation of phthalic and terephthalic acids on carbonation establishes the 
formation of the intermediate o— and p-dialkalibenzenes produced by self- 
metalation of phenyl potassium.* Phenyl potassium is also formed when 
potassium in benzene is stirred for 48hr. with di~n—buty! mercury; very 
little heat is evolved and the potassium compound is precipitated," Phenyl 
potassium is also formed by treating lithium phenyl with potassium.° 

The simple alkyls and aryls of potassium are colourless, solid, amor- 
phous, non-volatile, salt-like compounds, insoluble in all solvents other 
than zinc ethyl in which they ‘form conducting solutions. On heating, they 
decompose without melting. Potassium methyl, KCH,, when heated from 
100° to 300°C., decomposes according to the equation: 8KCH, — 6CH, +48 
K,C, + 6K. In their chemical properties, all the five alkali metal derivatives 
are very similar but their reactivity, particularly with halides and nitriles, 
is greatest for caesium derivatives and least for lithium compounds, in the 
order: Cs>Rb>K>Na>Li>MgBr.*»® The stability of metal organo-compounds 
has also been discussed by Jaffé and Doak.’ 

Molecular hydrogen reacts with potassium phenyl at room temperature 
to form potassium hydride and benzene.‘ The rates of reduction for all the 
alkali metal phenyls are shown in Table XI. 

The acetylides, KC,H and K,C,, are formed by the action of acetylene 
on the heated metal oron its solution in liquid ammonia. The alkali metal 
acetylides are colourless, crystalline compounds, violently decomposed by 
water to potassium hydroxide and acetylene, and although stable in air when 
cold are readily oxidised when warmed. 

The potassium salt of phenylacetylene, PhC = CK, is formed by the action 
of potassium on the hydrocarbon in ether solution. On carbonation the cor- 
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TABLE XI.- REDUCTION RATES OF ALKALI-METAL PHENYLS 
WITH MOLECULAR HYDROGEN 


Average Time (hours) 
For Complete Reduction 
With H, at 1001b. 


Average Time (hours) For 
90% Reduction, Pressure 
Slightly Above Atmospheric | 


Compound 


responding acid is obtained: PhC = CK + CO, + H,O -—> PhC = C.COOH. 
From the measured rates of reaction of the alkali-metal phenylacetylenes 
with benzonitrile, it is found that the caesium derivative is the most reactive 
and the lithium compound least so.’ 

Triphenylmethyl potassium, an intensely red solid, soluble in ether and 
_ benzene and in liquid ammonia, is obtained by displacement of hydrogen from 
_ triphenylmethane with potassium at 200°C.* When triphenylmethane is treated 
with potassium in liquid ammonia and methyl! iodide is then added, the foi- 
lowing reactions occur; Ph,CH + K -> Ph,CK + 4H,; Ph,CK + Mel — Ph,- 
C.Me + KI; MeI + NH, — MeNH,I; MeNH,I + Ph,CK — Ph,CNH,Me + KI. 
By renewing the treatment with potassium followed by addition of more methyl 
iodide, a sufficient proportion of the by-product is converted to triphenyl- 
ethane which is thus obtained in 85—94% yields.° 

- Compounds containing a carbon atom attached to a metal atom and to one 
or more aromatic nuclei or to a system of conjugate double links are coloured 
and may be prepared by the action of the metal on an organic halide, a mercury 
Organic compound, a Grignard reagent or a mixed ether. Ziegler and Thiel- 
mann’ have prepared potassium derivatives by shaking potassium powder 
or liquid sodium—potassium alloys with inixed ethers in dry ethyl ether at room 
temperature: ROR' + 2K -—> RK + kUR'. The deeply coloured potassium 
compounds have not been isolated in the pure state but have been identified 
by conversion to known products. A deep-red, crystalline potassium deriv- 
ative, Ph,CKCH:CPh,, sparingly soluble in ether, is formed from 1:1:3:3- 
tetraphenylallyl ethyl ether, Ph,COEt.CH:CPh,. Triphenylmethy] potassium 
is prepared from triphenylmethyl ethyl and triphenylmethyl phenyl ether. 
Benzhy dry] ethyl ether and dibenzhydryl ether both give an intensely yellow 
potassium derivative, Ph,CH,K, sparingly soluble in ether. Benzophenone- 
dimethylacetal, a:a-dimethoxy diphenylmethane, gives a-m ethoxy diphenyl- 
methyl potassium, Ph 2C(OMe)K, as well as potassium methoxide; the former 
potassium derivative is a brownish yellow insoluble substance. Phenyliso- 
propylpotassium is prepared by the following reaction: PhCMe,OMe + 2K 
+ PhCKMe, + CH,OK. Diphenylmethylpotassium, Ph,CHK, has been pre- 
pared from sym.-tetraphenylethane by cleavage with sodium-potassium alloy: 
Ph,CH.CHPh, + 2K -> 2Ph,CHK.” 

"The reactions represented by the following equations have been carried 
out with sodium—potassium alloy: Ph,COEt + Nak — Ph,CK; Ph,CHOMe + 
NaK -> Ph,CHK; Ph,CHCHPh, + NaK -> Ph SCHR Ph Oe CPh, + Nak 
> Ph ,CKCKPh,,. Potassium itself does not add on to tetraphenylethylene, 
nor does rubidium or caesium, but sodium-potassium alloy and sodium-rubidium 
alloy give respectively potassium and rubidium derivatives, probably formed 
via the sodium compound. Steric hindrance associated with the larger atomic 
volumes of potassium, rubidium and caesium is probably responsible for their 
non-reactivity.’ 
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Durand’? has observed that when drying ether with sodium, hydrogen is 
evolved even after long standing. An investigation carried out using various 
ethers and sodium—potassium alloy shows that the reaction with the alloy is 
much more vigorous, particularly in the cold. 

Fluorenyl potassium, (C,H,)CHK, has been prepared by the direct action 
of the alkali metal on the hydrocarbon, as also has pentaphenylcyclc penta- 
dienyl potassium, PhC=CPh-C(PhK).CPh=CPh. cycloPentadiene when 
treated with potassium metal yields (C,H, XK),. 

Alkali metal alkyls can add to conjugated double bonds or to double bonds 
adjacent to a benzene nucleus. The potassium derivatives of dimethyl- 
phenylmethane, PhCKMe, and stilbene (PhCH:), react to form an orange yellow 
compound, PhCMe,CHPhCHKPh, soluble in ether. Coloured compounds 
are also formed with styrene, 1:l-diphenylethylene, anthracene and 2:3- 
dimethyl-1:3-butadiene, (CH,=CMe),; the respective potassium derivatives 
are: PhCHKCH,CMe,Ph, Ph,CKCH,CMe,Ph, €,H,CH(CMe,Ph)C,.H,GHK, CH,= 
CMeCKMeCH, CMe, Ph. No addition compound is formed wit cyclohexene. 
‘The potassium derivative of triphenylmethane, Ph,CK, shows little tendency 
to add. Substances of very high molecular weight may be obtained by ad- 
dition of potassium alkyls. If for instance an alkyl, RK, reacts with a buta- 
diene, it forms a potassium alkyl, RCH,KCH=CH,, which can add another 
butadiene molecule, and the reaction continues in this way until stopped by 
atmospheric oxygen, by traces of impurity or because the molecules finally 
become so large that they react sluggishly.” 

Phenylisopropyl potassium, which is dark red, reacts with butadiene to 
give unsaturated polymerisation products containing up to 10molecules of 
butadiene,*? 

The action c. potassium on 1:1:6:6-tetraphenylhexadiene-1:5is represented 
by the equation: Ph,C=CHCH,-CH,CH=CPh, + 2K -> 2Ph,C=CHCHig 
Similarly, 1:2-dibiphenylylethane reacts with potassium: PhC,H,CH,-CH,- 


C,H,Ph + 2K -> 2Ph.C,H,.CH,K. The action of potassium on 1:1:4:4-tetra- 


phenylbutene-1 results in cleavage and the formation of two potassium deriv- 
atives: Ph,C=CHCH,CHPh, + 2K -> Ph,CHK + Ph,C=CHCH,K.° 

Neither a definite alkali metal compound nor any decomposition products 
have been obtained which would indicate a reaction between potassium and 
benzene,® 

Dipotassium compounds are formed by the direct action of potassium 


at a double carbon link, >C=C< + 2K -—> >CK.CK< provided that the >C#C< ~ 


group is attached to an aryl group or at least to two conjugated double link- 
9 
ages. 


Potassium reacts with ethyl acetate in dry ether to form the potassium 


derivative CH,:C(OK)OEt, acidic substances and neutral compounds. Traces 
of hydrogen are evolved and it appears that the liberated hydrogen reduces 
a portion of the potassium derivative. Intermediate compounds more readily 
reducible than the potassium derivative give rise to hydrocarbons; a certain 
proportion of ethers is also formed. When potassium is replaced by sodium, 
no hydrocarbons are formed.’* 

The action of potassium on esters of the fatty acids has been studied 
by Scheibler and Emden.’* Ethyl dibenzylacetate, (PhCH,),CHCO,Et, when 


treated with potassium in dry ether solution, gives (PhCH,),CHC(OK): C(OK)- 


CH(CH,Ph),. Other esters have been treated similarly. 

The diketone, benzil, gives a dipotassium derivative when treated with 
potassium: PhCO.COPh + 2K — PhC(OK}C(OK)Ph. Compounds such 
as Ph,COK, prepared by treating the ketone with sticks of alkali metal in an 
inert organic solvent, are described as "metal ketyls". 

The properties of alkali metal alkoxides have been investigated by Brun’*® 
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and measurements made of the current produced when potassium is dissolved 
in methyl and ethyl alcohols, of the electrolytic decomposition of the alkox- 
ides, and of the ionic mobilities and the degree of dissociation of the com- 
pounds. The results indicate that the alkoxides are not true organic com- 
pounds but resemble the metallic hydroxides. Cordier*® has calculated the 
solvation of potassium ions in methyl and ethyl alcohols and.in acetone and 
ethyl acetate from published data on the apparent molecular volumes. Tri- 
methylsilanol reacts more vigorously with potassium at 0—3°C. than does 
the carbinol.’’ 

Dehydrotetrachloro—p—cresol, a radical with monovalent oxygen, reacts 
with potassium powder in benzene to give a product which when dissolved 
in water and acidified yields phenolic products consisting partly of tetra- 
chloro-p~cresol.”® 

Potassium derivatives of organic compounds containing the NH-group 
are described by Shah and Pishavikar.’®? The amide is treated with potassium 
in boiling toluene and potassium derivatives of the following amides are 
obtained as microcrystalline compounds, insoluble in organic solvents: m- 
MeC,H,NHAc, AcNHMe, Ac,NH, (PhNH),CO, (PhNHCO),. Under the same 
conditions the following compounds do not appear to give potassium deriva- 
tives: Ph,NH, PhNHMe, PhNHEt, PhNHCH,Ph, carbazole and indole. 

Hydrocarbon substituted pyrimidines and pyridines are obtained when 
mononitriles and monoacetylenes are allowed to react in the presence of 
catalytic quantities of potassium at a pressure of 100~—3001b. per sq.in. at 
125°-225°C. for several hours. Thus acetonitrile and acetylene in the pre- 
sence of potassium give 2:4-dimethylpyrimidine. Similarly 2:4-diisopropy1- 
pyrimidine and 2:4-diphenylpyrimidine are prepared from the appropriate nitrile 
and acetylene. In the latter case a shorter time of heating results in the 
formation of some 2-phenylpyridine as well. Acetonitrile, butylacetylene, 
CH:CBu and potassium give dimethylbutylpyrimidine.”° 

The action of potassium and alcohols on some monobenzenoid compounds 
has been investigated by Birch et al.** Potassium is added in small pieces 
over 45—60min. with vigorous stirring to a solution of the benzenoid com- 
pound in alcohol kept at 50°—60°C. Dihydroderivatives are formed, with 
yields given in Table XII. 


TABLE XIl.- ACTION OF POTASSIUM AND ALCOHOLS ON BENZENOID COMPOUNDS 


Benzenoid Alcohol % Yield of 
Compound 


Dihydroderivative 


PhOMe EtOH 35 
BuOH 42 

o~MeOC,H,Me EtOH 10 
m~-MeOC,H,Me EtOH 27 
BuOH 27 

t~PrOH 19 

MeOH 19 


i-AmOH (85—95°C.) 
i~AmOH (130°C.) 


p~MeOC,H,Me EtOH 

BuOH 
PhNMe, EtOH 
PhMe EtOH 
2:6-Me,C,H,OMe EtOH 
2:4-Me,C,H,OMe EtOH 


3:5-Me,C,H,OMe EtOH 
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The order of ease of reduction is anisole>dimethylaniline>toluene. Sod- 
ium and ethyl alcohol do not reduce m=MeOC,H,Me. 

The reactions of halides with potassium-sodium alloy, listed in Table 
XIII, are described by Htickel, Kraemer and Thiele.”? 


TABLE XIII.- REACTIONS OF ORGANIC HALIDES WITH 
SODIUM-POTASSIUM ALLOY 


MeBr Xylene C,H, 


EtBr Xylene: |" Cony, CH Ca. 

Prbr Xylene | C,H,, C,H, C,H,, 
MeCl Xylene | No reaction 

Etcl Xylene: | C,H. CH Cu 
Me,CHCl Xylene C,H,, C,H,, C,H,, 

Me, CHBI Xylene 

Me,CHBr Decalin 

Me,CHBI Benzene Pi, 

MeBr + EtBr Benzene | C,H,, C,H,, C,H,, C,H, 
MeBr + PrBr Benzene | C,H,, C,H,, C,H,>, C,H,, 
MeBr + Me,CHBr | Benzene | C,H,, C,H,, tso-C,H,, 


Explosive reactions with mixtures of potassium and halogen-organo com- 
pounds are described by Staudinger,** Lenze and Metz™ and Cueiileron.”® 
Explosive reactions occur when 1:1:2:2-tetra- and penta-chloroethane, or 
tri- and tetra—bromoethane are allowed to stand at rest at room temperature 
with potassium. Under the same conditions with trichloromethane, 1:2- 
dichloro— and 1:2-dibromo-ethane and 1:2-di-, tri- and tetrachloroethylene, 
only evolution of gas occurs. Carbon tetrachloride, monobromo~ and mono- 
chlorobenzene and benzyl chloride are not essentially affected when allowed 
to stand quite still with potassium at room temperature. A very strong 
explosion has been observed when tetrachloro- and tetrabromo~ methane are 
heated at the relatively low temperature of 65—70°C. for a short time with 
potassium. The fact that an explosive reaction does not occur at 60°C. 
indicates that it is liquid potassium (m.p. 62.5°C.) which is responsible 
for the reaction. Liquid sodium~potassium alloys are more reactive than 
sodium and potassium, probably because thay are in the liquid state. 

Dichloroethylene, dibromo— and dichloro—ethane and potassium mixtures 
are also sensitive to temperature although to a smaller extent. 

In Table XIV, values are given (in arabic figures) for the minimum percus- 
sion impulse (m. x kg.) required to produce an explosive effect, when halogen 
organo— compounds are mixed with potassium; the figures in brackets refer 
to the number of explosions for five tests and the roman numbers to the 
strength of the explosion on the scale: I, very weak explosion, II, weak 
explosion, III, moderately strong, IV, strong and V very strong explosion. 

The reaction with carbon tetrachloride is represented by the equation: 


4K + CCl, + 4KCl + C + 390-77kg.-cal. According to Staudinger’ the 


explosive nature of mixtures of the alkali metals and halogen organo-com- 
pounds is due to the formation of a labile intermediate compound, the dis- 
integration of which initiates the explosion of the whole system. It is pos- 
sible that the reaction does not proceed directly to the final products but 
takes place in a series of steps, probably chain reactions, whereby explosive 
substances such as mono-or dichloro- acetylene are formed; as these are 
very labile they can bring about the explosive decomposition of the whole 
system. The power of the explosions is in the order; NaK>K>Na>Li 
> Ba. 
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TABLE XIV.- SENSITIVITY TO SHOCK (BY MEANS OF A FALL-HAMMER) 
FOR MIXTURES OF POTASSIUM WITH HALOGEN-SUBSTITUTED METHANES 


Halogen Compound | Sensitivity to Shock 


m x kg, 

DSO), 11 
0°02 (5) III 
0-01 (5) V 


0-005 (5) V 
0-005 (5) V 
0-005 (5) V 
0-02 (5) III 
0-02 (5)IV 


Potassium heated with tetrachloroethylene produces explosions at 205°— 
210°F. whether oxide scale is present or absent; no explosion occurs when 
sodium is substituted for potassium.” 

Chemical reactions in the decomposition of organic compounds with 
potassium have been discussed by Kainzand Resch.*’ Low results in the 
determination of halides have formerly been attributed to the formation of 
by-products assumed to be soluble in water but capable of reacting with 
iodine. In fact, very finely divided carbon is formed, a part of which com- 
bines with potassium to form potassium acetylide, and this yields acetylene 
when the melt is decomposed with water. Probably potassium also withdraws 
oxygen from the compound and hydrogen is liberated. Organic compounds 
containing nitrogen form potassium cyanide, and those containing sulphur and 
halogens form water soluble compounds which ionize when in the lowest 
state of oxidation. 

Schwarz” considers that oil deposits in the neighbourhood of potassium 
salts are acted upon by alpha rays from the potassium with the result that low- 
er and higher boiling constituents of the oil are produced at the expense of 
those of medium boiling point. The compounds formed are benzene, naph- 
thenes, acids and asphalt, and optical activity is caused. It is estimated 
that alpha rays from 10kg. of potassium would take 300,000 years to produce 
sufficient heat to crack one gram molecule of hexane. 

Potassium dissolves in ethylene glycol dimethyl ether to form an in- 
tensely blue, electrically conducting solution.” The solution resembles 
a liquid ammonia solution of potassium. 

When monochlorosilane, SiH,Cl, is brought into contact with potassium, 
previously distilled in vacuo, the surface of the potassium becomes blue 
at once and a protective film is formed. After heating several hours up to 
300°C., a deep-seated reaction occurs and complete decomposition of the 
silicon compound results. Among the non-volatile products are silicon, 
potassium hydride and potassium chloride; the residual gas is pure hydro- 
gen. 
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SECTION XLVI 
POTASSIUM ALLOYS 
By Mrs. F. DICKINSON 


Alloys of potassium with lithium and sodium have already been described 
(see Part 1, pages 95,548 “Lithium Alloys” and “Sodium Alloys”). 

The existence of the intermetallic compound KRb in the vapour state has 
been demonstrated by absorption spectra.° 

Rinck has studied the potassium-rudibium system and found the elements 
to be completely miscible in the solid state. The solidus and liquidus are 
close together with a flattened minimum at 32-8°C. corresponding to a comp- 
osition of K + 2Rb, but the solid is believed to be made up of mixed crystals.’ 
According to Goria* the thermal diagram of the above system shows a limited 
range of solid solutions; no compounds are indicated but there is a eutectic 
at 34°C. and 15% of potassium. The compositions at minima in binary systems 
of the solid solution type have been determined by Hara‘ for twelve completely 
isomorphous bimetallic systems of which one is the potassium-rubidium 
system. The composition at the minimum freezing point corresponds to the 
formula Rb,K. Bohm and Klemm from thermal analysis and X-ray studies 
of the potassium-rubidium system agree with Rinck that the system is com- 
pletely miscible.®* An account of the experimental data for systems of the 
alkali metals is also given by Klemm.® The phase diagram’ is shown in 
Fig. 1. 


FIG. 1. THE SYSTEM K-Rb 
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The melting points of potassium and rubidium, the heats of mixing in 
the liquid solution, U (1), and the solid solution, U (s) and the concentrations 
of the liquid and solid solutions have been used by Geguzin and Pines® to 
predict the shapes of the liquidus and solidus curves for simple binary sy- 
stems. If T4, Tp are the melting points of the pure components, U,' and 
U',? the energies of mixing in the liquid and solid phases, k the Boltzmann’s 
constant, g the entropy change, then at the point of equal concentrations: 


%y = Vo = 0-5 [1 — kq(T gz - TA) 
U," gy U,° 


and. : 


where 7m is the temperature at which the mixture melts. From the above 
relationships 


Tm=T, -(TB- T 4)%o° ° 
1 - 2%, 


For the system rubidium-potassium, 74 = 312°C., Tp = 338-5°C.; with -the 
aid of experimental values of x,, the above expression has been used to 
calculate Tm which is 301-5°7. The experimental value is 305-6°7. 

A theoretical procedure for the calculation of elastic constants of binary 
solid solutions with a cubic lattice, e.g. the potassium-rubidium system, is — 
described by Orlov.? 

An alloy containing 55% of potassium and 45% of rubidium, solidifying 
initially at 45°C., finally at 42°C., has been examined by X-ray methods. fhe 
side of the body-centred cubic lattice, a, is 5-42A.*° 

In connection with their work on the cohesion of alloys, Henry and Ray- 
nor’ give calculations showing that, for the alloys of the alkali metals, solid 
solution formation is limited in all the possible systems except potassium— 
rubidium, potassium-caesium and rubidium-caesium, for which extensive 
solid solutions exist. The relative magnitude of the liquidus depression 
in the potassium-rubidium system is accounted for. 

The electrical resistance of potassium-rubidium alloys and the relation- 
ship to the composition and temperature of the alloysare given by Guertler.’? 
Electrical resistance data at low temperatures, from 4+2 to 70°K., are given 
for potassium-rubidium alloys and the experimental technique is described 
in detail; the effect of impurities has also been examined. The thermo- 
electric force of potassium-rubidium alloys containing 0°5, 8 and 13at.-% of 
rubidium has been measured against lead over the temperature range 4°2°K. 
to about 70%K.**»** | 

The potassium-caesium system has been studied by Goria’ and Rinck.*® 
A series of solid solutions is formed and there is a eutectic at -39°C. ata 
composition corresponding to the formula KCs; conductivity measurements 
show no compound formation, the composition KCs being a mixture.’® Goria’s 
value for the eutectic temperature, -45°C., is attributed by Rinck to the fact 
that the alloys were prepared in an inert atmosphere and not in a vacuum. 
The eutectic temperature calculated by Geguzin and Pines from the m.p. 
of the two metals, the heats of mixing in the liquid and solid solutions and 
the concentrations of the liquid and solid solutions is 237-4°%K.*° Distortion 
energy data have been calculated by Heumann for the potassium-c#sium 
system, based on simple lattice models; in spite of large volume differences, 
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distortion icnergies are small and permit the existence of all possible solid 
solutions.’? Henry and Raynor,’* from their work on the cohesion of alloys, 
propose a theory which predicts the existence of extensive solid solutions 
for the potassium-caesium system and accounts for the relative magnitudes 
of the liquidus depression in the system. 

Photoelectric studies have been made of potassium films deposited.on 
a freshly evaporated silver surface.*® 

Potassium auride, KAu,, is prepared by heating gold with excess of 
potassium in vacuo at 310°C. This compound, violet in colour, is stable 
over a limited range only and if the heating at 310°C. is prolonged or if the 
temperature is raised to 320— 330°C. the compound KAu, is formed. This 
is olive green, stable in air, and brittle; when heated at 690°C. in vacuo 
it loses most of its potassium. The violet compound is also brittle and 
reacts slightly with air. The densities of several potassium-gold alloys 
and X-ray spectra for the above two compounds are given. Potassium is 
not appreciably soluble in gold at high temperatures,’® 

The spatial compression of potassium alloyed with gold has been studied 
by Biltz et al.*° The space occupied by the alkali metals in gold alloys 
is much less than that occupied by the pure metals; this is considered to be 
due to compression because of the great differences in density. It has been 
shown that the molecular volume increment due to the addition of one atom 
of potassium to gold is 23, whereas in mercury and graphite alloys with 
potassium the increment is 25. 

Liquid potassium and liquid magnesium are practically insoluble in each 
other.» The phase diagram’ is shown in Fig. 2. 
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FIG. 2, THE SYSTEM K-Mg 


The phase diagram given for the potassium~zinc system” and shown in 
Fig. 3 throws doubt upon the composition KZn,,. Ketelaar” refers to the 
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compound as KZn,, as also do Zintl and Haucke.”*** The alloy is a cry = 
stalline cubic compound; the side of the lattice is given as 12. 33A.,~ 
12°36 A.2*** There are 112 atoms in the unit cell, and the alkali metal atom is 
surrounded by 24 equally distant zinc atoms. Zintl and Haucke™ give 
powder diagram data. 
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FIG. 3. THE SYSTEM K-Za 


The electromotive behaviour of potassium—zinc alloys has been studied 
by Kremann and Mehr.’® 

The solubility of potassium in gallium at 32°C. is about 4 x 10° wt.-%: 
the e.m.f. of the solution is 0-76 V.”° 

The phase diagram for the potassium-cadmium system,’ Fig. 4, indicates 
the presence of the compounds Cd,K and Cd,,K. According to Hansen” 
the composition Cd,,K might be Cd,,K since the difference in potassium 
content would only be 0: 25% The’ ‘e.m.f./composition curve of Kremann 
and Mehr** does not establish conclusively the composition of this compound. 
Ketelaar*? and Zintl and Haucke?*»** describe the compound as Cd,,K, and 
the latter workers have extracted it as a crystalline alloy from high-potas- 
sium~zince alloys with liquid ammonia. From X-ray data, density and ana- 
lytical data the formula is found to be quite definitely Cd,,K, and not Cd,,K 
or Cd,,K. It is a crystalline cubic compound with a lattice ‘side a = 13°78 a 22 
72 or 13°77 A.7*** with 112atoms in the unit cell and the alkali atom sur- 
rounded by 24 equally distant cadmium atoms.”* 

The phase diagram for the potassium-mercury system shows the pre- 
sence of the following compounds: Hg,K, Hg,K, Hg,K, Hg,K, HgK; 193) oe 
Fig. 5 (page 1602). 
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FIG. 4. THE SYSTEM Cd-K 


The freezing points of the compounds are: Hg,K, 70°C.; Hg,K, 182°C.; 
- Hg,K, 201°C.; Hg,K, .278°C.; HgK, 178°C. The following formulae. and 
- melting points are given by Geuberrrtig Ke 70 He.K,, 173-C.; HE Ke, 
Mo. G,, He-k., 197.C.(decomp.); Hg K, -204C.; Hg.K, 279°C. (decomp.); 
HgK, 178°C. ; 

Zvyagintsev® has shown that it is possible to predict nearly all the 
binary intermetallic compounds observed in the system potassium-mercury 
by using the ionization potentials of the components as already described 
(in Part 1, page 576) for sodium-mercury compounds. 

Kiemm”’ describes the methods available for the detection of intermetallic 
compounds, i.e. X-ray investigations, thermal expansion by dilatometric 
methods, determination of electrical resistance as a function of temperature 
and the determination of magnetic properties as a function of the concentration 
and temperature. Equilibrium diagrams are given by Klemm for the alkali 
amalgams. 

An investigation of the potassium-mercury system by X-ray diffraction 
is described by Duwell.*° 

The e.m.f. of cells in which the reaction is the transfer of potassium 
from an amalgam of higher to one of lower concentration have been deter- 
mined at various temperatures and concentrations.’* Kubaschewski and 
Catterall?? use e.m.f. data obtained by Bent and Gilfillan,** Armbruster and 
Crenshaw,** and by Shibata and Oda™ to_ obtain the partial heat of solution 
AHy-, the partial entropy of solution ASy- and the integral heat of solution, 

Hiiq. given in Table I. The partial molal heat and entropy of solution 
and the heat of fusion of potassium have been used to calculate the partial 
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FIG. 5. THE SYSTEM Hg-K 


free energy, AGy at 600%. from data obtained by Vierk and Hauffe** for the 
e.m.f. of cells, K (liq.)/K+ in glass/K~Hg (lig.) where alloys in the concen- 
tration range Ny = 0+26 to 0-99 have been used. Pedder and Barratt*® have 
determined the partial vapour pressures of each of the constituents of potas- 
sium amalgam by a dynamic method at temperatures between 250°C. and 
400°C. The partial vapour pressures of mercury for alloys containing up 
to 42-8mol.-% K have been measured at 300°C. and the results obtained are 
in good agreement with those of Miller’ who has used a static method for 
alloys containing 5—32 mol.-% K over the temperature range 184°C. to 445°C. 
Below 8mol.-% K the partial molar heat content of the solvent, mercury, is 
zero while above this concentration it becomes negative. The very low 
partial pressures of potassium found by Pedder and Barratt are believed to 
indicate the presence of almost undissociated compounds in the liquid 
amalgam. From experiments carried out at 387-5°C. with amalgams con- 
taining 41 to 63mol.-% K it would appear that there is a considerable amount 
of a potassium-mercury compound present in the vapour, probably HgK. The 
small activities of potassium in amalgams containing less than 45mol.-% K 
indicate that the more compiex compounds are relatively non-volatile. Lum- 
sden** does not consider that this is true. Kubaschewski and Catterall” 
_point out that the partial free energies, AGxy, obtained from Pedder and 
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Barratt’s data do not agree with those of Vierk and Hauffe and that this is 
due to experimental error in the former determinations of Py. The values 
given for the partial free energies, AGy, at 600°K. shown in Table I are 
from the data of Vierk and Hauffe. The values for AGyg are mean values 
from the results of Miller, Pedder and Barratt,and Vierk and Hauffe. Ac- 
cording to Miller the solutions deviate from Raoult’s Law more than any 
others so far observed. 


TABLE I.- THERMOCHEMICAL DATA FOR LIQUID POTASSIUM-MERCURY ALLOYS 


0-001 | -26,365 | —1-185 (~25,210) 


~26,220 (—23,140) 
~26,080 -270 (-22,040) 
—25,750 -520 (-20,700) 
—25,750 —520 (-20,700) 
~1,350 (~16,200) 
(~1,470) (-15,050) 


-10,700 
-8,800 
~5,500 
—3,250 
-1,570 

-800 

. -460 

(~1,550) ~275 
(-800) -130 


Ax, AGx, AGug; the partial heat of solution and partial free energy are 
defined as the change in heat content and free energy respectively when 
1g-eatom of the metal is assimilated by a (theoretically) infinite amount 
of an alloy of constant composition Ne or Nyg as the case may be. Both 
are expressed in calories. AH liq. refers to the integral heat of solution 
when Nx g.-atoms of liquid potassium combine with (1 - Ny) g.-atoms 
of liquid mercury to give 1g. atom of liquid alloy; the results are expressed 
as calories per g.-atom. The data given in column 4 agree approximately 
with those obtained calorimetrically by Kawakami*® at 110°C. AS, is 
expressed as calories per degree when 1g. atom of potassium is assimilated 
by a theoretically infinite amount of an alloy of constant composition Ny. 
AV,., tefers to the volume change on formation at 300°C. and is equal to 
(V alloy ~ XV metals)/XV metals at 300°C. The specific volumes of fused 
potassium-mercury alloys of potassium concentrations 0—100% have been 
measured through a temperature range of 290°—380°C. by Degenkolbe and 
Sauerwald.“° 

Kubaschewski and Catterall*? give thermochemical data for the solid 
compounds of potassium and mercury, which they list as Hg,,K?, Hg,K, 
Hg,K, Hg,K, Hg,K and HgK. There is some doubt as to the composition 
of the compound richest in mercury, but data are given for Hg,,K and ano 
alternative calculation has been made for Hg,K. The values selected 
for the heats of formation in Table II are confirmed within the limits of 
accuracy of the method used by values derived from measurements of the 
dissociation pressures. Poindexter** has measured the vapour pressures 
of potassium amalgams of concentrations HgKosos to HgKo.oo, meat room 
temperature, and obtained approximately straight lines for the plot ofp 
versus 1/7. The heats of reaction are about 25,500g.-cal. per g.mole. 
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The relation between the free and internal energy changes are discussed 
by the author. Gerke*? has found the free energy of potassium in the alloy 
Hg,K to be -24,200g.-cal. per g.mole. 

The entropies of formation, ASgo)., given in Table II have been obtained 
by Kubaschewski and Catterall** from the data of Bent and Gilfillan.** Poin- 
dexter’s data show clearly that ASo9g is negative. 


TABLE II.- THERMOCHEMICAL DATA FOR SOLID COMPOUNDS 
OF MERCURY AND POTASSIUM 


AY 298 


0-077 | (-2500)| (2:8) 
-3300 | (=3-6) 
~4600 
~5200 
~6100 
~5900 


AHgo), is expressed as g.-cal. per g.atom, t.e. Ny g.atoms of K and (1 — Ny) 
geatoms of Hg; ASgo]. as g.-cal. per degree/g.atom. 

Roeder and Morawietz** have recently investigated the composition of the 
vapour above mercury-potassium melts by measuring the total pressure, ana- 
lysing the distillate and determining molecular weights. The behaviour of the 
vapour at temperatures below 250°C. can be ascribed to the presence of K,Hg 
molecules. At temperatures above 250°C., compounds containing a lower 
potassium content appear. The activities of the atom components are cal- 
culated from mass-action constants and agree with the results of e.m.f. meas- 
urements and obey the Duhem—Margules equation. Energies and entropies 
are calculated from the temperature coefficient of the activities. Vapour 
pressure curves for pure potassium and mercury are given and the heat of 
evaporation of the alloy system reported as a function of composition. 

Halban**»*® has shown that vapour-pressure abnormalities occur in capil- 
lary-active amalgams. Measurements of the absorption of resonant light, 
2537A., Show a vapour-pressure lowering of 69% but when the mercury is 
agitated, so that the concentration of the solute is kept uniform throughout, 
the vapour pressure of these dilute amalgams rises to that of mercury. Halban 
states that if a solution has a smaller surface tension than the solvent, the 
solute is adsorbed at the surface. 

An account of the literature on the electrical properties of alkali-metal 
amalgams up to 1925 is given by Schulze.** 

Molten potassium alloys have been electrolysed in tubes of small bore © 
which are subsequently broken and different portions are analysed. Potas- 
sium amalgams behave similarly to the corresponding sodium amalgams (see 
Part 1) except that the increase in concentration of potassium at the cath- 
ode end of the tube is about twice as great, due partly to the fact that potas- 
sium is more strongly electropositive and partly to its larger atomic volume.” 
Le Blanc and Jackh*® and Skaupy,*® Springer and Frena® Kremann, Vogrin 
and Scheibel** have studied concentration changes in dilute alkali metal amal- 
gams if electrolysis. In amalgams containing up to 2°5% K, potassium moves 
to the anode; with higher concentrations to the cathode. The transference 
numbers towardsthe anode first increase, then decrease, pass through zero 
at 2°5% K, then change sign and steadily increase. 

The transference and distribution of the components of metal alloys in an 
electric field have been described by Drakin.** When an electric current 
passes for a short time through a metallic phase before the back diffusion 
becomes noticeable, the "transference number" is mF/It = De(V, - V,)F*p/RT, 
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where F is the faraday, m is the number of g.atoms transferred in time ¢ by 
current /, D is the diffusion coefficient, c the concentration, p the electrical 
resistivity and lV, and V, the average charges of "solvent" and "solute" ions 
respectively i.e. the number of free electrons originating from a component 
of the alloy/the total number of atoms of this component. In the system 
Hg-K, V, - V, = 0-036. In the steady state In(C,/Cc) = E/T, where E is 
the potential difference between the electrodes and 7 is the absolute temp- 
erature. This equation is confirmed by the experimental data of Le Blanc 
and Jackh. 

The wedge effect observed at potassium amalgam—electrolyte surfaces 
between the amalgam and glass at a specific minimum potential is considered 
to be due largely to electro-osmotic forces.*’. 

Nakamura™ has studied the formation of crystals during electrolysis of a 
saturated solution of potassium chloride at various.current densities, with 
and without stirring the cathodic mercury. The times required for the separa- 
tion of amalgam crystals on the amalgam (TA) and for the evolution of hydro- 
gen gas (TH) are similar at current densities higher than 1-5—Samp./sq. dm. 
With lower current densities TH is noticeably longer than TA. When elec- 
trolysis is carried out with stirring of the mercury cathode, the relation be- 
tween TA and the average amalgam concentration is quite similar to the solu- 
bility curve; without stirring TA is noticeably longer for potassium amalgam 
than for sodium amalgam which is considered to be due to supersaturation 
as well as rather vigorous eddy movement in potassium amalgam. Pyramidal 
crystals are obtained from very high supersaturated states. Cubic crystals 
are also formed. The presence of vanadium, aluminium and magnesium ions 
promotes crystal formation. 
| The electrical conductivities of potassium amalgam have been determined 
by a number of workers.*°"** The results given in Table II] are those of Boo- 
hariwalla, Paranjpe and Prasad.** 


TABLE III.- ELECTRICAL CONDUCTIVITY OF POTASSIUM AMALGAM AT 30°C. 


wt K Resistivity of Amalgam | Specific Conductivity 
Te 10 of Amalgam x 10° 


-0290 
-0228 
-0139 
*0122 
°0179 
“0153 
-0068 
-0041 


— eh ph op 
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1-0091 


continued on following page 
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TABLE III.- CONTINUED. 


Resistivity of Amalgam | Specific Conductivity 


Resistivity of mercury = 9660 x 10° 
Conductivity of mercury = 1¢0342 x 104 


By plotting the electrical conductivity against the percentage of potas- 
Sium in the alloy, two discontinuities are observed at 0-09% and 0-17% K. 

The resistance of potassium amalgams of varying concentrations at dif- 
ferent temperatures is given in Table IV. 


TABLE IV.- ELECTRICAL RESISTANCE OF POTASSIUM AMALGAMS 
AT VARIOUS TEMPERATURES 


wte-% K Temp. | Resistivity | Specific Conductivity | Average Temperature 
Bea threes wan ty x 10° Coefficient 


1-0862 
1-0332 
1°0314 0-00075 
1-0286 
1-0266 
1-0256 


1-0027 
0:9999 
0:9959 
0-9931 
0-9903 
0-9883 
0°9863 


0-9964 


0:9920 
0-9900 
0-9890 
0-9880 
0-9866 — 


1-0090 
1-0050 
1-0020 
0-9992 
0°9969 
0-9932 


0-5591 3 0.9862 
0-9588 
0-9524 
0°9363 
0-9302 
0°9208 
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The resistance of the amalgam increases as the temperature is raised, 
indicating that the conduction in amalgams is probably metallic and not 
electrolytic. 

The temperature coefficients of alloys differ very little from 0-004, the 
normal value for pure metals, but they have a much lower value for solid 
solutions. In nearly all cases the temperature coefficients for potassium 
amalgams are less than 0-004 which would indicate that potassium amalgams 
behave like a solid solution of potassium in mercury. 

Also, the conductivities calculated from the mixture law are higher than 
the observed values; potassium amalgams are therefore not merely mechan- 
ical mixtures of potassium and mercury, but behave like solid solutions. 

Potassium amalgams heated initially to 100°C. show an increasing nega- 
tive charge over the interval 68°~35°C. When the experiment is repeated 
with the same amalgam after standing for 10—20hr. it exhibits positive tribo- 
electric phenomena at 50—52°C.® Dilute potassium amalgams which have a 
Negative charge at room temperature retain this charge when they are solidi- 
fied and again fused. Solid amalgams become negatively charged by rubbing 
with filter paper.®° 

Viscosity measurements of potassium amalgams have been made by 
several workers.*'** Degenkolbe and Sauerwald®? and Roder and Morawietz™ 
give the values shown in Table V. 


TABLE V.- VISCOSITY OF POTASSIUM AMALGAMS 


Viscosity (centipoises 


S007 CLA s60°C.. 21 300°C. 


The isotherms of viscosity (280°, 300°, 320°C.) show a maximum near the 
composition of Hg,K.% 

The temperature dependence of viscosity is represented within 01% by 
N = No exp- g/RT with n, independent of temperature. For pure mercury q = 
657-9g.-cal.; for potassium amalgam of 0-191 at.-% K, g = 714°6g.-cal.® 

Solid potassium amalgams float on the "mother liquor". The limiting 
value is 2-31% of potassium. Oily or pasty liquid amalgams are due to the 
presence of fine crystals in the liquid.°* The values given in Table VI have 
been obtained for the densities of amalgams containing 0—0°182% of potas- 
sium at 30°C.°* Determinations were carried out in benzene using a specific 
gravity bottle and the densities of the amalgams with respect to water cal- 
culated from the density of benzene. 

The thermal expansion coefficient of potassium amalgams increases 
linearly with concentration; the specific volume increases linearly with 
concentration. The deduced atomic volume of potassium is 30% less than 


in the pure metal and the contraction decreases with increasing tempera- 
63 
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TABLE VI.- DENSITIES OF POTASSIUM AMALGAMS AT 30°C. 


The values given in Table VII have been obtained by Roder and Morawietz 
for the densities of liquid potassium amalgams at 320°C.™ 
The volume contraction is greatest near the composition HgK. 


TABLE VII.- DENSITY OF POTASSIUM AMALGAMS AT 320°C. 


Additive Measured | Contraction 
at. Volume | at.Volume AV 
c.c./g.-at. ¢.c./g.-at. cC.c./ g.-at. 


Density 
MG oe 


The surface tension of liquid potassium amalgams at the benzene inter- 
face has been measured and two discontinuities have been found in the 
interfacial tension/concentration curves indicatingthe formation of complexes 
of potassium with mercury.®* The results are given in Table VIII. 


TABLE VIII.- INTERFACIAL TENSION OF POTASSIUM AMALGAM AT 30. 


Wt.-%K é Interfacial Tension 
3 dynes/cm. 


Sa Si sie aes = 


For dilute potassium amalgams the following relationship holds: dg/d- 
(loga,) = k, where g is the surface tension and a, the activity of potassium. _ 
Values of the surface excess are in agreement with the formation of a com- 
pound containing rather less than 6atoms of mercury to 1 of potassium.*’ 
The surface tension of potassium amalgams prepared by the distillation 


of potassium vapour into mercury has been measured by Semenchenko et 


al,®*»®? and values are given in Table IX. 
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TABLE IX.- SURFACE TENSION OF POTASSIUM AMALGAM 


Concentration Surface Tension Reference 
dynes/cm.. 


0-000 
0°0024 at.-% 
0-0080 at.-% 
0-0183 at.-% 
0-264 at.-% 
0:00164 g.atom/1. 
0-00289 g.atom/1. 
0-00540 g.atom/1. 
0-0123 g.atom/1. 
0-0252 g.atom/1. 
0°0257 g.atom/1. 
0-0830 g.atom/1. 
0-0918 g.atom/l. 
0-1782 g.atom/1. 


The surface tension first decreases with increasing concentration of the 
metal andthen is almost constant. Pugachevich and Timofeevicheva” have 
found that a potassium content of § x 10° wt.-% at 20°C. produces a sharp 
fall in surface tension from 470 to 415dynes/cm. but that further increases 
in potassium content cause a much slower decrease in surface tension. 
Between 0:1 and 0:G6at.-% of potassium, the surface tension falls linearly from 
390 to 375dynes/cm. Measurements have also been made between 20° and 
350°C. to determine the effect of temperature. Up to about 0°6wt.-% of potas- 
sium, the fall of surface tension with increasing temperature is non-linear, 
the curve being slightly concave to the temperature axis. Like scdium, 
potassium is surface active but more so; the maximum adsorption at 20°C. 
is 2°3 times as great for potassium as for sodium and the concentration 
corresponding to maximum adsorption with sodium is 3°5 times that of potas- 
sium. The limiting surface activity falls with rising temperature.”* 

Dilute potassium amalgams react with water in the dark at a rate which 
can be measured by the volume of hydrogen generated. Exposure to light 
from a carbon arc, \ = 3660—5250A., accelerates the reaction but the light 
intensity was not measured nor its constancy discussed. Whereas sodium 
amalgams react in such a way that there is a steady increase in the initial 
fate with concentration of sodium in the light over the dark reaction, the 
difference between the rates approaching something like constancy after the 
first 30min., no such regularity is found with potassium amalgams containing 
0-038, 0°041, 0-056 and 0-101 wt.-% K during the first hour for which the 
experiments are reported.”” 

The influence of polarized light on the reaction of potassium amalgam 
with water has been examined by Anand and Bhatnagar”® and, as for the reac- 
tion of sodium amalgam with water, the results show that the influence of 
polarized light is selective, being most effective when the electric vector 
vibration is parallel to the incident plane and least effective when perpen- 
dicular to the incident plane. 

The decomposition of potassium amalgam in a dilute alkaline solution 
-(0-01—0-4N. KOH) has been studied by Kapstan and Jofa;”* Kt, where K is 
the rate constant and t the time, is shown to be a linear function of CA, 
where C€ is the variable metal concentration in the amalgam. This relation 
is not valid at the start of the reaction because the solution is stirred by the 

introduction of the amalgam, nor at its end because the surface of the amalgam 
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becomes contaminated. The rate of the reaction is determined by measuring 
the volume of hydrogen evolved. The activity of potassium is proportional 
to its concentration. The potential of the amalgam against the hydrogen 
electrode in the same solution has also been determined; this overvoltage 
n is 1-507—0-105logC, + 0-118logi, where C, is the OH™ concentration and 
i the current strength in amps.,as measured bythe rate of hydrogen evolution. 
This agrees with the theory predicting that the coefficients of logC, and log 
t will both be equal to 2RT/F. The overvoltage is lowered and the rate of 
reaction increased when the compound (Bu,N),SO, is present in solution, 

Fraenkel and Heinz” have determined the rate of reaction and the poten- 
tial of a potassium amalgam, containing 0*46% K and prepared by the elec- 
trolysis of potassium chloride solution using a mercury cathode, when treated 
with 0-] N.-hydrochloric acid in the presence of potassium chloride. The 
rate of reaction is determined by measuring the volume of hydrogen evolved. 
The same type of curve, Fig. 6, is obtained as for sodium amalgam. There 
is no induction period; the reaction proceeds at a constant initial rate of 
9-5ml., H,/min. until just before the end when the rate falls practically to 
zero as the last traces of metal dissolve. The potential of the amalgam 
remains steady at about —2-18volts (measured against a_ standard calomel 
electrode) until the rate of gas evolution decreases and then drops suddenly 
and then more gradually until finally it reaches the null point. 
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FIG. 6. RATE OF REACTION OF K/Hg WITH 0-1 N. HYDROCHLORIC ACID 


Moriguchi and Sato’® find that the reaction velocity between potassium: 
amalgam and dilute sulphuric acid is almost independent of the initial con- 
centration of the amalgam, and at constant temperature is proportional to the 
concentration of the acid. The increase of reaction velocity with tempera- 
ture is smaller than that for a homogeneous system, 

As may be seen from Fig. 7, liquid potassium and liquid aluminium are 
practically insoluble in each other at the m.p. of aluminium. The addition 
of potassium to aluminium, or of apnea to potassium, does not affect 
the melting point of the pure elements.’ 

The phase diagram for the system BT RES cheese fin: is shown in Fig. 8.” 
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FIG. 8. THE SYSTEM K-Tl 


There is some doubt as to the composition of the compound shown as 
K,Tl, and its existence has not been confirmed by e.m.f. measurements for 
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the cell T1/K*/TI,K,_,." The compound KTIl has not the space-centred 
cubic crystal structure of the corresponding sodium compound, NaTI.’” 

The phase diagram for the potassium-tin system, Fig. 9,’’* has been 
prepared from thermal analyses. The liquidus temperature lies above the 
boiling point of potassium, and experimental difficulties are encountered 
in the region from 75—86% Sn. Four compounds are shown, K,Sn, KSn, KSn, 
and KSn,.. The existence of these compounds is confirmed by e.m.f. meas- 
urements for the cell Sn/K* in pyridine/Sn,K,_,._ Bergstrom’* has observed 
the formation of a compound soluble in liquid ammonia to which the formula 
K,Sn, has been assigned. 
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FIG. 9. THE SYSTEM K-Sn 


The potassium-lead phase diagram is shown in Fig. 10.7774 There are 
four compounds shown, K,Pb, KPb, KPb,, KPb,, but there appears to be 
some doubt about the actual phases which separate out. From their work 
on the hardness of lead-rich alloys with potassium, Tammann and Riidiger’® 
conclude that potassium is not markedly soluble in solid lead. Kremann 
and Pressfreund™® have measured the e.m.f. of cells of the type Pb/K* in 
pytidine/Pb,K,_,. Points of inflexion occur on the e.m.f./concentration 
curve at 33 and 8Qat.-% Pb corresponding to the compounds K,Pb and KPb,. 
There is no evidence of the existence of KPb, or KPb shown as X in the 
phase diagram. 
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FIG. 10. THE SYSTEM K-Pb 


The compound K,Pb, has been found to be present as the only stable 
compound in liquid ammonia solution." . 

The potassium-antimony system has been investigated by thermal ana- 
lyses, thealloys being prepared by melting the elements together in a stream 
of hydrogen. The compounds K,Sb, and KSb are shown in Fig. 11.77" 

The phase diagram for the potassium~bismuth system, Fig. 127’** shows 
the presence of the compounds Bi,K, Bi,K,, BBiK, and aBiK, There is 
some doubt about the composition Bi,K,. Two inflexion points are found 
on the e.m.f./concentration curve at 33 and 75at.-% K, corresponding to the 
compounds Bi,K and BiK,. The compound Bi,K has a cubic lattice. (see 
also page 1580). 

Potassium lowers the surface tension of bismuth. Pugachevich and 
Altynov*? have measured the surface tension of pure bismuth and of bismuth- 
potassium alloys containing 0-00067, 0-0038, 0-0049, 0-0111, 0:0250at.-% K 
between 260° and 500°C. and find that potassium is more active than sodium 
at all temperatures. The maximum adsorption of potassium decreases with 
tising temperature. Altynov*®* has shown that the greater the surface tension 
lowering of bismuth by the addition of 0—0-5at.-% K, or the higher the surface 
activity of the mixture, the more the microhardness of the alloys increases. 
Alekseevskii®* measured the electrical resistance, the magnetic moment 
and the critical magnetic field, Hc, of three samples of the compound Bi,K 
using different preparations, and found that the compound becomes a super- 
conductor at 3°57°K. The value of dHc/dT is approximately 160 gauss 
per degree. The high magnetic moment, the coincidence of the values of He 
for different samples, and the evolution of heat in its formation confirm the 
stable nature of the intermetallic compound. The compound Bi,K, has a 
transition point at 3-6°K. but BiK, is not superconducting down to 1°4°K.*° 
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FIG. 11. THE SYSTEM K-Sb 


The phase diagram for the potassium-sulphur eyoten c.f. Fig. 13 shows 
the presence of K,S, K,S,, K,S,, K,Sy K,Se, KS?" ?°*** (See also pages 
1564 and 1578). 

Compounds of potassium and selenium have been described having the 
formulae, K,Se, K,Se,, K,Se,, but thermal analysis has not been carried 
out.”* (See NES page 1578). 

The known compounds of potassium and tellurium are K,Te and K,Te,.™ 
(See also page 1579), 

The simultaneous addition to cast iron of <0°015—0:02% (preferably 0°008%) 
of three of the elements, boron, potassium,’ sodium, lithium, calcium, mag- 
nesium, barium and cerium, is said to cause graphite to precipitate out in 
nodular form. The combined amount of the alloying ingredients should be 
<0°2-0:5%. The cast iron is claimed to be improved in that tensile strengths 
up to 78kg./sq. mm. and elongations up to 3°5%, measured with test rods 
50mm. long, are obtained.*® 

Potassium may be used in place of lithium in the refining of zinc to 
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FIG. 12. THE SYSTEM Bi-K 


remove impurities such as lead, tin and cadmium.”° 

A systematic study of aA potassium—arsenic system does not appear 
to have been made. The only compounds described are KAs, and K,As.” 

Platinum is attacked by potassium vapour and a mass of black material 
is formed.” 

The e.m.f. of cells of the type (Hg, alkali metal) liq. /alkali hydroxide 
aq./(Hg, alkali metal, Tl) liq. has been measured by Wagner. *1 When the 
concentration of potassium is about 0-QSat.-% and the molar fraction of 
thallium, Ny), is 0 to 0-8, dk'/dNp, for the Hg-K-Tl system is 0-79 volts 
using dropping amalgam electrodes at Dat diny{K)/dN yy is 30°8. 

Equilibria in systems rich in lead and {containing alkali and alkaline 
earth metals have been studied by Jollivet.°? For the system Pb-Bi-Mg-K, 
mixtures containing Bi, 0-03—0°5, Mg 0-04—0-38, K 0°01—0°20%, the rest 
lead, have been used. The points of one region (solid compound KMg- 
Bi,) fit the equation: 


2 log (Bi) + log (Mg) + 2log (K) = -13°26, 


all concentrations being atomic concentrations of the liquid. The points 
Correspond to 4 region of metastable equilibrium. The points of a second 
region (solid compound, K,Mg,Bi,) fit the equation: 7 log (Bi) + Glog (Mg) + 
9 log (K) = -59+54. 


Refs. p. 1616 


1616 POTASSIUM AGel 


PN ietaolaletis 
Ave a. 
(| ys ne 


FIG. 13. THE SYSTEM K-S 


References 
1 Walter, J. M.& Barratt, S., Proc. Roy. Soc., 1928,A119,257—75. (22; 2885) 
2 Rinck, E., Compt. rend., 1935,200,1205—6. (29,3963) 
3 Goria, C., Gazz., 1935,65,865—70. (30,3305) 
4 Hara, M., Nature, 1938,141,873—4. (32,5288) 
5 Bohm, B. & Klemm, W., Z. anorg. Chem., 1939,243,69—85. (34,4973) 
6 Klemm, W., FIAT Rev. German Sci., 1939—1946, Jnorg. Chem., Pt. III. 1948, 
244—56. (46, 3890) 
7 Smithells, C.J., "Metals Reference Book", 1955,Vol.1,531. (49, 13063) 
8 Geguzin, Y.E.& Pines, B. Y., Doklady, 1950,75,387—90. (45,9351) 
9 Orlov, A.N., Zhur. Eksptl. i Teoret. Fiz., 1951,21,1090—6. (47,3076) 
10 Goria, C., Atti X° Congr. Intern. Chim., 1938,2,644—56. (33,8072) 
11 Henry, W. G. & Raynor, G. V., Proc. Phys. Soc., 1951,64B,195—206. (46, 9493) 
12 Guertler, W., Z. Metallkde., 1919,11,41—4. (14, 681) 
13 MacDonald, D. K.C. & Pearson, W.B., Proc. Roy. Soc., 1953,A219,373—87. 


(48,3081) 
14 MacDonald, D.K.C.& Pearson, W.B., Proc. Roy. Soc., 1954,A221,534—40. 


(48,6768) 


se 


D> ee 


a ee 


4601 ALLOYS 1617 


15 Goria, C., Gazz., 1935,65,1226—30. (30,5489) 
16 Rinck, E., Compt. rend., 1936,203,255—7. (30,6274) 
17 Heumann, T., Z,. Metallkde., 1951,42,182—9. (45, 7841) 
18 Brady, J.J., Phys. Rev., 1935,47,197. (30,7443) 


19 Quadt, U. F., Weibke, F. & Biltz, W., Z. anorg. Chem., 1937,232,297—306. (31,5636) 
20 Biltz, W., Weibke, F., Quadt, U.&Ehrhorn, H.J., Z. anorg. Chem., 1937,232, 


313—18. (31,6068) 
21 Hansen, M., "Der Aufbau der Zweistofflegierungen", Verlag Julius Springer, 

1936. (30,4451) 
22 Ketelaar, J.A.A., J. Chem. Phys., 1937,5,668. (31,6946) 
23 Zintl, E. & Haucke, W., Naturwiss., 1937,25,717. (32,2802) 
24 Zintl, E. & Haucke, W., Z. Elektrochem., 1938,4,104—11. (32,3316) 
25 Kremann, R. & Mehr, A., Z. Metallkde., 1920,12,444—55. (17,2101) 
96 Gilfillan, E.S.&Bent, H.E., J/.A.C.S., 1934,56,1661—3. (28,5740) 
27 Grube, G., Angew. Chem, 1935,48,714—9. (30, 1290) 
28 Zvyagintsev, O.E., Doklady, 1944,43,163—7. (38,5721) 
29 Klemm, W., Angew. Chem., 1935,48,713. (30,1290) 
30 Duwell, E.J., Univ. Microfilms (Ann. Arbor, Mich.), Publ. No. 12,102, 89Dp., 

Diss. Abstr., 1955,15,987—8. (49, 12940) 
31 Bent, H. E.& Gilfillan, E.S., J.A.C.S., 1933,55,3989—4001. (27,5615) 
32 Kubaschewski, O. & Catterall, J.A., "Thermochemical Data of Alloys", Pergamon 

Press, London and New York, 1956. (50, 11217) 
33 Armbruster, M. H.& Crenshaw, J.L., J.A.C.S., 1934,56,2525. (29, 666) 
34 Shibata, F. L. E.& Oda, S., J. Chem. Soc. Japan, 1931,52,365. (26,4997) 
35 Vierk, A. L. & Hauffe, K., Z. Elektrochem., 1950,54,383. (45, 3693) 
36 Pedder, J.S. & Barratt, S., J/-C.S., 1933,537—546. (27,4514) 
37 Miller, R.W., /-AoC.S., 1927,49,3003—10. (22,921) 


38 Lumsden, J., Thermodynamics of Alloys, London, Inst. Metals, 1952. (46, 3847) 
39 Kawakami, M., Z. anorg. Chem., 1927,167,345—63; Sci. Rep. Téhoku Imp. 


Univ., 1927,16,915—35. (22, 718) 
40 Degenkolbe, J. &Sauerwald, F., Z. anorg. Chem., 1952,270,324—7. (47, 11858) 
41 Poindexter, F.E., Phys. Rev., 1926,28,208—28. (20, 3109) 
42 Gerke, R.H., J.A.C.S., 1923,45,2507—12. (18, 193) 
43 Roeder, A. & Morawietz, W., Z. Elektrochem., 1956,60,(5),431—54. (50,16227) 
44 Halban, H.H.V., Nature, 1934,133,463. (28,3966) 
45 Halban, H.H.V., Helv. Phys. Acta., 1935,8,65—81. (29,3221) 
46 Schulze, A., Helios, 1925,31,121—6; 133—7; 145-8; Z. Metallkde., 17,100; 

132—3;' 170, 203—4; J. Inst. Met., 34,436. (21,3037) 
47 Kremann, R., Muller, R.& Ortner, H., Monatsh., 1924,45,177—86. (19,1379) 
48 LeBlanc, M.&Jackh, R., Z. Elektrochem., 1929,35,395—409. (23,4623) 
49 Skaupy, F., Z. Elektrochem., 1929,35,862—3. (24,3181) 
50 Springer, R. & Frena, R., Monatsh., 1931,57,112-164. mr 2, 2024) 
51 Kremann, R., Vogrin, A. &Scheibel, H., Monatsh., 1931,57,323—74. (25,4185) 
52 Drakin, S.I., ZAur. Fiz. Khim., 1953,27,1586—91. (48,3170) 


53 Johnston, R.J.& Ubbelohde, A.R., Proc. Roy. Soc., 1951,A206,275—86. (47,3727) 
54 Nakamura, J., Yokota, N. & Yamasaki, T., J. Chem. Soc. Japan, Ind. Chem. Sect., 


1954,57,185—T7. | (49, 2221) 

55 Williams, E.J., Phil. Mag., 1925,50,589—99. (19,3409) 

56 Edwards, T.I., Phil. Mag., 1926,2,1—21. (20,3119) 

- 57 Johns, A.L. & Evans, E.J., Phil. Mag., 1928,5,(7),271~89. (22, 1892) 

58 Boohariwalla, D., Paranjpe, G. R. & Prasad, M., /ndian J. Phys., seta peer ‘ 

| 24, ) 

59 Polara, V., Nuov. Cim., (N.S.), 1929,6,78—83. (24, 8) 

60 Polara, V., Nuov. Cim., (N.S.), 1929,6,201—5. (24, 9) 

61 Degenkolbe, J. &Sauerwald, F., Naturwiss., 1950,37,539. (45,9326) 

62 Degenkolbe, J.&Sauerwald, F., Z. anorg. Chem., 1952,270,317—23. (47,5200) 
63 Suhrmann, 8. & Winter, E.O., Phys. Abs., April, 1956, 59,285; Z. Naturforsch., 

1955,10a,(12),985—96. (51,6255) 

64 Roder, A.&Morawietz, W., Z. Metallkde., 1956,47,734—41. (51,8497) 

65 Bain, E. C. & Withrow, J.R., J, Phys. Chem., 1921,25,535—44. (16, 670) 
66 Bhatnagar, S.S., Prasad, M. & Mukerji, D.M., Quart. J. Indian Chem. Soc., 1924, 

1,81—9. (19, 918) 

67 Bradley, R.S., Phil. Mag., 1928,(7),6,775-9. (23,1330) 
68 Semenchenko, V.~K., Bering, B. P. & Pokrovskil, N.L., Coll. J. U.S.S.R., 1935, 

1,205~—15. (30,7975) 


69 Semenchenko, V.K., Bering, B.P., Pokrovskif, N. L.&Shvareva, Mekuee PAYS: 
Chem. U.S.S.R., 1936,8,364—71. (31,1278) 


1618 POTASSIUM 46e1 


70 Pugachevich, P. P. & Timofeevicheva, 0.A., Doklady, 1951,79,831—2. (46,1319) 


7] Pugachevich, P.P., Zhur. Fiz. Khim., 1951, '25,1365—73. (47,8443) 
72 Bhatnagar, S.S., Prasad, M. & Mukerji, D.M., Quart. J. Indian Chem. Soc., 1925, 
1,263-—72. (19,3429) 
73 Anand, H. L. & Bhatnagar, S.S., Z. Phys. Chem., 1928,131,134. (22,1281) 
74 Kapstan, O.L.&Iofa, Z.A., Zhur. Fiz. Khim., 1952,26,201—10. (47,4710) 
75 Fraenkel, W. & Heinz, H., Z. anorg. Chem-, 1924,133,172. (18,1774) 
76 Moriguchi, N. &Sato, K., J. Chem. Soc. Japan, 1932,53,708—14. (26,5251) 
77 cAntli B. & Brauer, G.,. Vz Phys. Chem, 1933,B20,245—271. (27,2407) 
78 Bergstrom, F.W., J. Phys. Chem., 1926,30,12. (20, 720) 
79 Tammann, G. & Rildiger, H., Z. anorg. Chem, 1930,192,1—44. (24,5564) 
80 Kremann, R. & Pressfreund, E., Z. Metallkde., 1921,13,19—29. (1772108) 
8] Zintl, E., Goudeau, J. & Dullenkopf, W., Z. Phys. Chem., 1931,A154,1—46. 
(25,3261) 
82 Pugachevich, P. P.&Altynov, I.P., Doklady, 1952,86,117—19. (47,1024) 
83 Altynov, I. P,, Doklady, 1953,93,845—6. (49,12252) 
84 Alekseevskii, N.E., Zhur. Eksptl. i Teoret. Fiz., 1950,20,863—4. — (45,2738) 
85 Alekseevskii, N.E., Brandt, N. B.&Kostina, T.1I., Izvest. Akad. Nauk S.S.S.Rey 
1952,16,233—63. (47,3069) 
86 Bergstrom, F.W., J.A.C.S., 1926,48,143—151. (20, 559) 
87 Thomas, J.S. & Rule, A., J.C.Se, 1917,111,1063—85. (12, 568) 
88 Pearson, T.G. & Robinson, P.L., J.C.S., 1931,1304—14. (25,4479) 
89 Mitsche, R., Austrian P. ] 75,911 2070-00. (47,9893) 
90 Hoffman, \%.., D.R.P. 823,347, 3-12-1951. (48,8162) 
9] Wagner, C., J. Chem. Phys., 1951,19,626—31. (45,9353) 
92 Jollivet, L., Compt. Rend., 1949,228,1495—7. (44, 28) 


i ties 


La tae » S ws 
2 re a ae ae Se eee 


7 ee Ve 


SECTION XLVII 
POTASSIUM HYDRIDE 
By A. R. BURKIN 


Preparation and Thermal Dissociation 


If potassium metal is heated in an atmosphere of pure hydrogen, potassium 
hydride is produced; the dissociation curves indicate that an equilibrium is 
reached." The heat of dissociation was calculated as 13-34kg.-cal./mole? 
from measurements of the dissociation pressure p obtained by enclosing pot- 
assium hydride in a nickel tube with walls 1-5mm. thick. The tube was 
permeable to hydrogen below 390°C. but not above that temperature. The 
equilibrium was found to be perfectly reversible and the equation log p = 
(-5850/7) + 11°2 fitted the results, where 7 is the temperature and p is inmm. 
In later work,* extending the observations to sodium, rubidium and caesium 
hydrides, two methods were employed; direct observation of the appearance 
and disappearance of hydride on the metal surface on varying the temperature 
at a given hydrogen pressure, and using a nickel membrane. The metals 
react below the melting point and pure metal-free hydrides can be prepared 
using 3atm. pressure of hydrogen at 50°C. The logarithm of the reaction 
velocity was found to be linearly dependent on temperature with a break in 
the line at the m.p. of the metal. At 100°C., 0-0105c.c. of hydrogen com- 
bines per square cm. of potassium metal surface per hour. Although oxida- 
tion decreases the reaction rate, small quantities of oxygen do not alter the 
course of the reaction curves. 

Alkali metal deuterides can, of course, be prepared in the same way as 
hydrides* and the former were reported to have slightly higher dissociation 
pressures than the latter.° Other measurements between 270°C. and 390°C.° 
gave calculated heats of formation of 14-15 and 14-45kg.-cal./mole for pot- 
assium hydride and deuteride respectively. The difference was stated to be 
about equal to the probable experimental error. It was suggested that in 
view of the considerable difference in the dissociation pressures, hydrogen 
could be separated from deuterium by passing the mixed gases over heated 
potassium, A theoretical study of the factors influencing the equilibrium 
distribution of deuterium and hydrogen in hydrogen isotupe exchange reactions 
led to the conclusion that a maximum redistribution coefficient occurs for the 
exchange of hydrides of the heaviest alkali metals with a non-metal hydride.” 

Potassium hydride does not dissolve in potassium metal at temperatures 
up to 150°C.* but it is frequently convenient to produce the hydride in the 
presence of a diluent. The fused eutectic mixture of potassium chloride and 
lithium chloride, when dry, is a true solvent for sodium or potassium hydride® 
and it has been claimed? that if an alkali metal is heated with its halide 
above the m.p. of the latter but below the dissociation temperature of the 
metal hydride, in the presence of hydrogen, a solid solution of the hydride 
in the halide is formed. A somewhat similar method of preparation has been 
used employing the alkali chloride or carbonate as a diluent.*° 


Physical Properties 


The heats of hydrolysis at infinite dilution and at 25°C., of potassium 
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hydride and potassium metal according to the reactions 
KH (s) + H,O (1) -> KOH (0) +H, (g) 
K (s) +H,O (1) -> KOH (cc) + 4H, (g) 


are —31-89 + 0-12 and 47-05 + 0-10kg.-cal./mole respectively, giving the 
heat of formation of the hydride as -15-16 + 0-16kg.-cal./mole.“ Results 
were obtained also for lithium and sodium hydrides. 

The density of potassium hydride has been determined pycnometrically 
as 1-47,“* Numerous estimates of the lattice energies and binding energies 
of the alkali metal hydrides have been made. Using the value of 17 + 1 
kg.-cal. for the electron affinity of the H™ ion the lattice energy of potassium 
hydride was calculated to be 166kg.-cal./mole.** The equilibrium distance 
for the potassium hydride molecule was calculated as 2-1 A.** but the binding 
energy, calculated also, was too low, the error being attributed to failure to 
allow for the inter-electron effects. The binding energy has also been 
calculated using a value of 1-80 x 10°*%*c.c. ‘for the polarisability of the H~ 
ion*® but it has been pointed out*® that values of 9-0, 10-2 and 14-6 x 10-24 
c.c. have previously been obtained for this ton. Use of these figures in the 
equations leads to a negative dipole moment for the hydride. The force 
constants and bond orders of a number of volatile hydrides and gaseous 
alkali hydrides have been estimated*’ and used to interpret some properties 
of the hydrides. 

The emission spectrum of potassium hydride, obtained by using an arc in 
a hydrogen atmosphere, has been studied.***° The coincidences between 
the lines of the hydride and lines in the solar spectrum are numerically equal 
to those to be expected by chance and it is concluded that potassium hydride 
is not present in the sun. 

Potassium hydride can be used in photoelectric cells and details of: 
the preparation of these have been given.” The constancy of emission of 
gas-filled potassium hydride (and caesium hydride) cells, after a glow dis- 
charge had been passed momentarily, has been determined at several anode 
voltages*® and it was concluded that measurements should be made immed- 
iately after the discharge, which should be of very short duration. Photo- 
electric emission by potassium hydride begins in less than 3 x 10°? sec. 
after the beginning of illumination of the hydride surface.” 

Potassium bromide is sensitised to light if small amounts of potassium 
hydride are present in solid solution and such a system has been treated as 
a model in a study of photoelectric phenomena.** The photochemical de- 
composition of the hydride in the bromide, studied by observing the absorption 
of light of wave-length 2800 A., proceeds with a quantum efficiency of 0-27 
at room temperature and nearly 1 at 500°C.*%*’ With light of wave-length 
2265 A. the quantum efficiency is given as about 0-4 from -250 to -175., 
decreasing to a minimum of less than 0-1 at -75° and rising to about 0-2 at 
room temperature.*? Below -100°C. the reaction products are not F-centres 
but intermediate products. The temperature coefficient of the decomposition 
rate differs if potassium deuteride is used instead of the hydride since the 
mechanism of the photochemical reaction consists of ejection of an electron 
from the U centre and diffusion away of the hydrogen or deuterium.” 

Irradiation with y-rays causes colour changes in potassium bromide 
crystals sensitised with the hydride. These are so pronounced that the un- 
aided eye can detect the change corresponding to a dose of 50 roentgen. *° 
At —180°C. the photochemical action of X-rays on the sensitised potassium 
bromide crystals gives colour centres as the reaction product. The energy, 
hk, required for stabilisation of a colour centre depends linearly on the ratio 
of the density of the total energy absorbed by the crystal, W, and the initial 
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hydride concentration uy The relationship is given as 
b= E, + eW/u,y 


where the constant « = 4-6 and the initial energy requirement /, = 35¢.V.” 
The curve relating the concentration of colour centres, Ff’, to the potassium 
hydridé concentration, u, is represented by F/u = 1/e log (1 ted | Latte” 
In this paper E, is given as 4le.V. and « = 4-4, With potassium chloride 
similar results were tound: FE, = 26e.V.and¢= 6-7. The value of &, remains 
constant between 20°C, sane 160°C. A temperature rise leads to more rapid 
saturation of the reaction and the value of €, a kinetic constant, for potassium 
bromide increased from 4-4 at 20°C. to 7-6 at 100°C. and to 15 at 160°. 

The quantum yield for the photochemical decomposition on irradiation 
with X-rays decreases from unity at 500°C. to 0-05 at -80°C.** The value 
of about 0-24 was obtained for the production of colour centres at room temp- 
erature.°* Studies of the absorption spectra of pure potassium bromide 
crystals and those sensitised by potassium hydride indicate that the colour 
centres produced by exposure of the latter to X-rays at temperatures around 
-183°C. are stable on warming, the stabilisation consisting in the localisation 
of defect electrons.** 


Chemical Properties 


Few reactions of potassium hydride have been reported, presumably 
because other metal hydrides are more convenient as reducing agents. Bor- 
on hydrides can be prepared from boron halides, the hydride of a metal in- 
cluding potassium, and hydrogen.*® The salt, KBH,, cannot, however, be pre- 
pared by reaction of potassium hydride with diborane between —185°C. and 
200°C. with diborane pressures between 170 and 700mm. of mercury. Bet- 
ween 180°C. and 200°C. the diborane polymerises. *7_ However, the reaction 
between KB(OCH,), and diborane does give potassium borohydride.” 


Industrial Uses 


The production of strongly reducing conditions at a slag-metal interface 
by the dissociation of some metal hydrides into nascent hydrogen and alkali 
metal has been used to reduce the sulphur content of molten ferrous metals 
to as little as 0-009%.*° Only about 0-5% of the alkali metal hydride is 
required and the action of additions for other purposes, e.g. stabilisation 
of carbides, is not inhibited. 

Alkali metal hydrides, ground finely in a ball mill in the presence of 
xylene or hexane, catalyse ester-ester exchange when present at about 
0-05 to 0-5% of the mixture at 0—120°C. in the absence of water. A number 
of such interchanges are reported*® including the molecular rearrangement of 
completely esterified esters of glycerol and a mixture of fatty acids such as 


a vegetable or animal oil and the exchange between aromatic carboxylic 


acid esters of a monohydric alcohol, e.g. dimethyl! phthalate, and aliphatic 
carboxylic acid esters of a polyhydric alcohol, e.g. triacetin. 

Alkali metal hydrides also catalyse polymerisation reactions under 
some conditions. Thus anhydrous ¢-caprolactam when mixed with 0-3 — 0-5 
mole % of a hydride and heated to about 250°C. in an atmosphere of nitrogen 
gives a polymer within a few minutes. This has a high melting point and 
can be formed into oriented fibres or films.** Also carbon monoxide treated 
with a mono-olefin such as ethylene at a temperature of about 250°C. under 
pressure (1000atm.,) in the presence of one of a series of catalysts, in- 
cluding alkali metal hydrides, in waterand toluene gives an ethylene-carbot 
monoxide polymer with a molecular weight of about 500. If ammonia or an 
amine is present in the reaction mixture this also appears in the polymer.** 
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The alkali metal hydrides also cause fats to recrystallise in a different 
form, lard producing a material resembling vegetable fats in some respects.* 
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SECTION XLVIII 
THE OXIDES OF POTASSIUM 
By D. M. MCC, STEELE 


The oxides of potassium mentioned in the literature are:- K,O, potassium 
monoxide, K,O,, potassium peroxide, (K,O,), potassium trioxide, KO,(K,O,), 
potassium superoxide, (KO,, potassium ozonide). 

There appears to be some doubt as to the sufficient characterisation of 
the trioxide, K,O,. 

The oxide now called the superoxide, KO,, was for some time thought to 
be the dimer, K,O,. Magnetic measurements, X-ray data and colour, however, 
suggest the monomeric formula, KO,. This is the most stable of the oxides. 

The monoxide and trioxide have been less well characterised than the per-: 
oxide and superoxide. 


POTASSIUM MONOXIDE 


Potassium monoxide, K,O, is formed by reduction of the higher oxides. 
Such reduction occurs, for example, during the preparation of potassium per- 
oxide by oxidation of potassium metal in liquid ammonia by means of oxygen,’ 
unless the temperature is kept below -50°C 

The monoxide is one of the final products in the thermal decomposition of 
potassium cyanate, KNCO. The decomposition involves the KO radical and 
is considered to proceed as follows: in the equilibrium between KOCN and 


KNCO, the latter dissociates into Kt and NCO™~; then:- 
rapidly 
2NCO”~ ———> N, + 2CO 


rapid at 600° C. 
CO + KNCO ===’ KCN + CO, 


then K* + CO, ~ KO’-4+ CO 
and Kt + KNCO — KCN + KO’ 
finally KO + KOCN — K,O + NCO™ 


The NCO” ion then decomposes again as above. The kinetics of this de- 
composition have been studied? and the rate determining step is the dis- 
sociation, KNCO = K*+ NCO* 

he Sheree can be prepared in the laboratory by interaction of the 
nitrate and the metal: 


LOK + 2KNO,-> “6K5O 4 'N; 


On an industrial scale the monoxide may be produced by calcining natural 
calcium phosphate with a silicon-aluminium-potassium mineral, phosphorus 
pentoxide being also liberated in the reaction’. 


Physical Properties 


Potassium monoxide is a white solid, yellow when hot, which sublimes at 
881°C. under a pressure of 600mm. of mercury.* 

The crystal has the fluorite (CaF,) structure with a lattice constant of 
6-436". The atomic refraction of potassium in the monoxide has been derived 
and found to be 2-75°. 
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The heat of formation of potassium monoxide is 86-2 kg.-cal. 

The molecular volume is 17°7.". The contraction constant, defined by the 
molecular volume of the compound divided by the sum of atomic volumes of 
constituent elements, 


‘ Vn C; mis 0-40 for potassium monoxide. 
xVa 


From this it is deduced that since C <1, the monoxide is a conductor in 
the fused state and, further, that as C< 0-65. it is atypically ionic compound.*® 


1.e. 


Chemical Properties 


Potassium monoxide reacts with water to give potassium hydroxide with 
out liberation of oxygen:- 


K,O + H,O — 2KOH. 


In liquid ammonia it ammonolyses to give potassium hydroxide and 
: 9 
amide. 


K,O + NH, ~ KOH + KNH, 


This reaction precludes the preparation of the monoxide by oxidising pot- 
assium in liquid ammonia. 

Systems of oxides containing the monoxide are numerous and some are 
important, particularly K,O-Al,0,-SiO,, but generally the presence of pot- 
assium monoxide is of secondary importance and such systems are discussed 
under the characteristic element present. | 


Uses 


The uses of potassium monoxide fall under two main headings, ceramics 
and catalysis. 

The monoxide of potassium is an important constitrent of many ceramic 
materials, particularly in the K,O-5i0,-Al,O, system: most of the applications 
in this field will be discussed in later supplements devoted to the chemistry 
of silicon and aluminium. The importance of the presence of the monoxide in 
aluminomagnesia glass has been indicated by Tukh and Lfugusheva.*® An in- 
crease in the amount of potassium monoxide at the expense of sodium mon- 
oxide (keeping R,O constant) makes melting and subsequent treatment easier: 
the properties of the glass are also much improved. 

The second important use of the monoxide is as an activator or promoter 
in catalysis, particularly in organic chemistry. It is used as an activator in 
the catalytic synthesis of ammonia,**~7° and in the Fischer-Tropsch 
process.’’—** The presence of potassium monoxide in vanadium pentoxide 
increases the catalytic oxidation of sulphur dioxide to the trioxide.***® 
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DIPOTASSIUM DIOXIDE (POTASSIUM PEROXIDE) 


Potassium peroxide, K,O,, has been prepared by passing oxygen through a 
solution of potassium in liquid ammonia at a temperature between 
-50 and -G0°C until the colour of the free metal disappeared.’ The apparatus 
used, as described by Kraus and Whyte,? provides a means for measuring 
oxygen absorbed in the oxidation process or evolved when the oxide is treated 
with water. The samples of potassium used were filled into weighed, fragile 
glass bulbs and introduced into a weighed reaction tube. The weight of the 
product formed upon oxidation is not a satisfactory criterion of purity of pot- 
assium peroxide because of the formation of some monoxide which ammono- 
lyses* to potassium hydroxide and potassium amide, KNH,, the latter com- 
pound being readily oxidised. 

The use of lower temperatures is not practicable because the colloidal 
solution of the peroxide becomes extremely viscous while, at higher temper- 
atures, measurable quantities of the peroxide are reduced to the monoxide 
which, in turn, ammonolyses. 

In order to determine the nature of the reaction product, it was treated 
with water. Potassium peroxide dissolves in ice-cold water without the 
evolution of oxygen. At higher temperatures oxygen is evolved:- 


K,O,aq — KOHagq + 40, 
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Physical Properties 


Potassium peroxide is an orange coloured solid. When prepared in liquid 
ammonia, its colour is cream or white, owing to strong adsorption of ammonia. 
When the atmosphere of ammonia is removed at room temperature or below, the 
colour becomes bright yellow and this colour change is reversible. When all 
the ammonia is removed by prolonged heating in vacuo at 100°C. the oxide be- 
comes olive-brown.° 

The peroxide melts at 490°C. and dissociates under 1 atm. pressure at 
779°C. The heat of formation is 118-5 kg.-cal. The dissociation pressure, 
p, at given temperature T° is given by the equation:- 


log p = [(-A/4-571T) + 1-75 log T -(BT/4-571) + 2-8] 


The values for the constants A and B for potassium peroxide are: A = 53,000 
and B = 0-0190. The heat of dissociation is +53-0 kg.-cal.4° For the per- 
oxide, d?° = 2-180+0-001 


Chemical Properties 


Potassium peroxide reacts violently with oxygen at pressures as low as 
1 cm.* At lower pressures, it is suggested, the trioxide, K,O,, is formed as 
an intermediate. The final product is the superoxide which cannot be 
oxidised further. 

Ammonia is absorbed strongly by this oxide and is given off only with 
difficulty even at 100°C. 

The peroxide absorbs water vapour, without the evolution of oxygen, to 
form a monohydrate, which is light pink in colour, and a dihydrate, which is 
white when free from ammonia. The dihydrate, in the presence of excess water 
vapour, loses approximately one atom of oxygen per molecule of water added:- 


K,O,,2H,O + H,O > K,0,3H,0 + 40, 


The hydrates rearrange slowly at ordinary temperatures in the dry state 
with the formation of hydrated potassium monoxide, potassium superoxide and 
potassium hydroxide:-' 


3(K,0,,H,O) —+ 2KO, + 4KOH + H,O 
3(K,0,,2H,0) -> 2KO, + 2(K,O,3H,0) 


The decomposition of the peroxyhydrate:-” 
3(K,0,,2H,0,) — 2KO, + 4(KOH,H,O) + 30, 


has been investigated with the aid of magnetic measurements which give the 
amount of the yellow paramagnetic KO, formed at the expense of the diamag- 
netic K,O,. Kazarnovskii and Neiding’ prepared the peroxyhydrate, K,O,, 
2H,O,, by evaporating at room temperature over concentrated sulphuric acid 
solutions containing two moles of hydrogen peroxide to one mole of pot- 
assium hydroxide. The compound is quite stable at the temperature of solid 
carbon dioxide. In the spontaneous decomposition at 0°C., the molar ratio of 
superoxide formed to oxygen evolved remains approximately constant and co- 
responds to a conversion ranging from 1% to about 50%: this is evidence for 
the absence of chain reactions. Beyond that point, the amount of superoxide 
formed falls increasingly below the amount of oxygen evolved. If the water 
formed in the reaction is eliminated, the conversion from peroxide to super- 
oxide can be raised to 91%. This proves that the main reaction is an oxid- 
ation of the peroxide to superoxide by hydrogen peroxide:- 


K,0,,2H,O, — 2KO, + 2H,O 
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The secondary reaction is the decomposition of superoxide by water:- 
2KO, + 3H,O0 > 2{KOH,H,O]+ 140, 


The main reaction is taken to occur through passage of an electron from 
the O,* ion to hydrogen peroxide with rupture of the O-O bond and formation of 
a free OH radical:- 


Kf*O; (H,0,), ~ K’O, +K+tOH™+H,O, + OH 


The OH radical then reacts with hydrogen peroxide to give HO,. This 
mechanism accounts for 50% of the conversion as opposed to the 90% ob- 
served. To account for this additional conversion, a second mechanism is 
postulated involving the reaction:- 


KOH + HO, = KO, + H,O 


For this reaction: AH,,, = -16+10kg.-cal., AS,,, = lg.-cal.deg.’, AF.,, = 

-16+10kg.-cal., and hence the equilibrium constant:- 
Pry ol oa: ar 10°? 

Consequently, under conditions where PH,o ~10" * atm. and water is re- 
moved oa aan this reaction should go from left to right even at Py o as 
small as 10° atm. If water is not removed, the reaction goes from sieht to 
left and results in the destruction of the superoxide. From these results it is 
possible to formulate the mode of decomposition of hydrogen peroxide in alk- 
aline solutions. 

The monohydrate of the peroxide, K,O,,H,O, may be oxidised to the mono- 
hydrate of the trioxide at room temperature.* 


Uses 


Potassium peroxide is employed as a flux in cutting stainless steels and 
alloys of high chromium content.° 


Analysis 


A method for the determination of oxygen in potassium peroxide. using 
chlorine dioxide has recently been described® which avoidsthe formation 
of hydrogen peroxide from potassium peroxide and so eliminates errors arising 
from this reaction. 
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DIPOTASSIUM TRIOXIDE 


As was earlier remarked, the existence of potassium trioxide, K,O,, as a 
definite individual chemical compound has not been completely proven. Kraus 
and Parmenter claim to have prepared the compound by allowing oxygen to 
react with potassium peroxide at room temperature at low pressures.’ The 
light cream colour of the peroxide gradually darkens and becomes a chocolate 
brown, which fades finally and becomes light yellow as the trioxide is con- 
verted into the superoxide, KO,. At room temperature oxidation is rapid and 
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still proceeds rapidly even at -33°C. Since only the colour of the oxide was 
used by these workers as an indication of the completeness of oxidation, it 
was not possible to prepare a compound of absolute purity. 

Doubt as to the existence of this oxide has been expressed by Raikhshtein 
and Kazarnovskii.”"* The dissociation points of the suspected oxide and of 
the products of its thermal disintegration up to K,0, were measured. It was 
found that even the first measurements of the thermal disintegration kinetics 
at 360°C and 0-1mm. pressure suggested that K,O, is not an individual com- 
pound but a mixture of KO, and K,O,. The curve is smooth and no discon- 
tinuity is found at the point corresponding to K,O,,. 


Physical Properties 


Despite this uncertainty as to the existence of potassium trioxide, K,Q,, 
some physical data have been published for such a compound. It is said to 
be chocolate brown in colour.’ It melts at 430°C, and dissociates at 668°C; 
the heat of dissociation is +13-Okg.-cal. The heat of formation is 125-O0kg.-cal. 
and the constants A and B in the dissociation pressure equation (see page 1626) 
are A = 20,890, B = 0-0168.*%* 


Chemical Properties 


Potassium trioxide, K,O,, behaves like a mixture of K,O, and KO,. It is 
readily oxidised to the superoxide and reduced first to the peroxide and 
thence to the monoxide. One mole of the oxide absorbs one mole of water 
vapour at room temperature with the formation of a hydrate and without evol- 
ution of oxygen. During the reaction the brown colour of the oxide changes 
to the yellow of the monohydrate. If less than one mole of-water is added per 
mole of the hydrated trioxide, the remainder of the oxide may be oxidised to 
the superoxide. The hydrate rearranges more slowly than either of the hyd- 
rates of potassium peroxide:-* 


3(K,O,,H,O) — K,0,3H,O + 4KO, 
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POTASSIUM SUPEROXIDE 


Potassium superoxide, KO,, is formed by the oxidation of any of the afore- 
mentioned lower oxides of potassium. It is also formed in the spontaneous 
decomposition of the oxyhydrates and peroxyhydrates of potassium.’ (see 
page 1626). 

Several methods for the preparation of potassium superoxide in the lab- 
oratory have been described. 

Kraus and Parmenter and Kraus and Whyte”’* oxidised potassium in liquid 
ammonia at ~50°C. and obtained a product having a purity of 99%. The oxid- 
ation can be carried out at room temperature over a period of six weeks. Met- 
alli¢ potassium is dissolved in liquid ammonia which is then rapidly evap- 
orated so as to spread the metal in a thin film over the surface of a tube of 
300c.c. capacity. Oxygen is initially introduced at low pressure which is 
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later allowed to rise to atmospheric pressure. 

When a liquid amalgam of potassium in mercury is treated with oxygen, pot- 
assium superoxide is formed.* In thus giving the superoxide potassium differs 
from sodium and lithium which give the corresponding peroxides. 

Extensive work on the structure of the superoxide has been carried out by 
Neuman,” and for these studies the potassium superoxide was prepared by the 
slow burning of potassium in incompletely dried oxygen at 300°C., since pot- 
assium burns only with great difficulty invery dry oxygen. 


Physical Properties 


It is now well established that the formula for potassium superoxide is KO, 
and not K,0,. The most convincing evidence in favour of the former structure 
is that obtained by magnetic measurements.” 

If the formula is KO, the two possible structures for the O; ion are:- 


Ors Oneand MesQitCs 


These have the same energy and the actual structure is a resonance form 
which gives a “II state containing a 3-electron bond, i.e. 


:0:Q0: 
Since it contains an odd number of electrons such an ion would be paramag- 
netic and coloured: the superoxide of potassium is paramagnetic (u = 2°04 
Bohr magnetons).° On this evidence the formula assigned to this oxide is KO, 
and Neuman suggests the name, ‘superoxide’ instead of ‘tetroxide.’ Helms 
and Klemm suggest the name dioxide.* : 

The arrangement of potassium and oxide ions in the superoxide structure. 
has been elucidated by X-ray analysis, Geometric evaluation of powder 
photographs according to the method of Debye=Scherrer with unfiltered CuKa 
radiation showed a hexagonal elementary cell with the dimensions a = §-70A. 
and c = 6°72 A. and including four molecules of KO,.. The structure is of the 
calcium carbide type, analogous to the structures of barium and strontium per- 
oxides, BaO, and SrO,, except that these lattices contain 0,” ions while KO, 
contains the ‘Or ion. The space group is D),- F4/mmm. The co-ordinates of 
the four potassium atoms in the unit cell are: 000, 04%, %%o, ¥% 014, and 
those of the eight oxygen atoms are: 400+u, 040tu, 00 Ytu, 4% %tu, 
where u = 0-095. The lattice is formed by potassium ions which alternate 
withO> ions. It is similar to a deformed potassium chloride lattice. The dis- 
tance between the oxygen atoms of the ions of the molecule, do-¢9= 128A." 
The lattice energy for potassium superoxide has been calculated from the value 
c/a (= 1-178) by Ewald’s method. It is found that the lattice energy,* V is 
195*1kg.-cal. mole.” 

Potassium superoxide is a deep orange solid, m.p. 380°C Cc. It dissociates 
at 660°C. under 1 atm. Pressure and the heat of dissociation is +9-9kg.-cal.’° 
The heat of formation is 133-7kg.-cal. The dissociation pressure p can be 
evaluated at any temperature 7 by using the equation already quoted (see page 
1626); the values for the constants A and B in the equation are A = 14,962 and 
B = 0-0239 for potassium superoxide.” 

Warming and cooling curves for this oxide show a transition at -75-5+0-5°C 
This transition is associated with a change in colour on cooling from deep 
orange to light cream." 


Chemical Properties 
Potassium superoxide reacts with water according to the equation:- 
2KO, + 3H,O — K,O,3H,O + 40, 


one atom of oxygen being evolved per molecule of water added. Once break- 
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down of the superoxide has been initiated, it decomposes completely to pot- 
assium hydroxide while the remaining superoxide stays intact. 

When water is added to potassium superoxide suspended in liquid ammonia 
there is no indication of reaction while diquid ammonia of ammonia vapour is 
present. On exhausting the tube at ~30°C., about %, of the oxygen equivalent 
to the water added is evolved and the remainder is evolved as the product 
warms to 25°C.” 

Attempts to form HO, by acidifying potassium superoxide at 0°C. have fail- 


ed.}® 
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POTASSIUM 0 ZONIDE 


The nature of the reaction between ozonised oxygen and the alkali metal 
hydroxides has iong been the subject of investigation. The resulting products 
of this reaction, which vary in colour from deep yellow to orange, were once 
thought to be derivatives of a hypothetical ‘ozonic acid’, H,O,, and hence were 
called ‘ozonates’. 

It has been observed’’*’® that potassium ‘‘ozonate’’ is soluble in liquid 
ammonia with the formation of a red solution; evaporation of the ammonia 
leaves a red solid which consists largely of a compound having the formula 
KO,. 


93 


3KOH + 20, > 2KO, + KOH,H,O + 40, 


The more logical and correct name for this compound now adopted is pot- 
assium ozonide. 


Physical Properties 


Potassium ozonide is ared solid.'? 


Refs. p. 1631 


4805 OXIDES 1631 


The X-ray powder diagram of a mixture of KO, (92-3%) and KOH (5-5%) 
shows that the size of the unit cell is a =6*094A., c = 7*05G6A. _ These data 
correspond almost exactly with the structure of potassium nitride, KN,, the 
only significant difference between the photographs of the two compounds 
being the absence of the 121 line in the case of KO,. This suggests that the 
O; ion is not linear. On heating above 0° C., the lines of KO, disappear and 
those of KO, are observed.* 


Chemical Properties 


Potassium ozonide decomposes violently in water liberating energy in the 
form of light. It slowly decomposes at ordinary temperatures:- 


OKO, 3" 9KO;* 0, 


Unlike sodium ozonide the potassium compound will liberate iodine from an 
acidified potassium iodide solution. This indicates that, in the case of pot- 
assium ozonide, KO, may not be the only species present. This is even more 


strongly suggested in the case of caesium ozonide, CsO,.*’*’* 
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SECTION XLIX 
POTASSIUM HYDROXIDE 


By L. PRATT 


Many requirements for a strong alkali are met by sodium hydroxide (see 
Table I), but potassium hydroxide is preferred for some uses, e.g. as an elec- 
trolyte in cells and as an absorbent for carbon dioxide, since the potassium 
ion has a greater mobility than the sodium ion and some of its salts are more 
soluble than those of sodium. 


Manufacture 


Potassium hydroxide is usually manufactured by the electrolysis of 
aqueous solutions of potassium chloride in cells similar to those used in 
making sodium hydroxide (see page 649 and Mellor, Suppl. II, Pt. 1,p. 273 et 
seq.). The chloride sclutions may be purified before electrolysis to remove 
substances which interfere with the process or which, like sodium, may con- 
taminate the product. There are differences in the best conditions for the 
electrolysis of sodium and potassium chloride solutions’” and in the detailed 
design of the cells, for those which work satisfactorily with sodium chloride 
may not work at all with the potassium salt.* Details have been given of 
mercury cells of German design which were used to make potassium hydroxide 
only.* In one type of diaphragm cell,*® the anolyte solution (3% KCl) floats on 
top of the catholyte solution (26% KOH) from which it is separated by a thin 
layer of nitrobenzene, which is saturated with the potassium salt of dipicryl- 
amine to allow it to conduct electricity. 


TABLE I. - ANNUAL PRODUCTION OF SODIUM 
AND POTASSIUM HYDROXIDES IN THE U.S.A.” 


ee a ee i957 


NaOH, electrolytic | 3,794,963 {3,975,609 tons 
| NaOH, lime soda | 422,034 341,210 

| NaOH, total | 4,216,997 |4,316,819 
i|NaOH, % electrolytic 90-0 | 9201 

1 KOH, 90% basis 92,342 83,898 


Diaphragm cells give a solution containing 10-15% of potassium hydroxide, 
about 10% of potassium chloride and smaller amounts of carbonate, chlorate 
and other impurities, including sodium. Mercury cells give purer solutions 
containing about 30% of hydroxide with carbonate and sodium. 

A solution of impure potassium carbonate can also be electrolyzed in a 
cell with a mercury cathode.® This gives an amalgam which is made the 
anode in a second cell and decomposed electrolytically to give a 30% hydroxide 
solution. 

Potassium hydroxide solutions can be made in other ways, commonly by 
treating potassium salts with an hydroxide whose cation gives an insoluble 
salt with the anion of the potassium salt. The equilibrium K,CO, + Ca(OH), 
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= 2KOH + CaCO, has been studied.’ The yield of potassium hydroxide is 
high in dilute solutions but decreases as the concentrations are increased, 
since a solid double carbonate K,CO,,CaCO, is formed. The potassium in 
feldspar (K AISi,O,)*” and in greensand’®*? can be brought into solution as the 
hydroxide by heating the mineral with calcium hydroxide and water under 
pressure in an autoclave at about 300°C. for several hours. 

- Calcium hydroxide can also be used to make potash solutions from potas- 
sium oxalate,** potassium bicarbonate’* or the borate K,0,B,O,,‘* the oxalate 
and bicarbonate being made from potassium sulphate and the borate from 
potassium chloride. 

A pure solution of the hydroxide about 20% more concentrated than those 
obtained directly by other methods is produced by treating potassium sulphate 
solution with barium hydroxide and filtering off the precipitate.** If a solution 
of barium hydroxide is passed through a cation exchange column containing 
potassium ions, those ions are displaced by barium ions and the eluate is a 
solution of potassium hydroxide.*® The hydroxide solution may also be pro- 
duced by treating a polybasic barium silicate with aqueous potassium sulphate 
at about 80°C.*” Strontium hydroxide reacts with potassium sulphate’® in the 
same way as barium hydroxide, and it is easier to convert the precipitated 
Strontium sulphate to the hydroxide again. The equilibrium between potas- 
sium chloride and lead oxide has been studied.” 

Potassium cyanide, made by heating potassium sulphate*””* or the double 
salt MgCO,,KHCO,, 4H,O?%7* at about 1000°C. with carbon and nitrogen, is 
hydrolyzed by superheated steam to give potassium hydroxide and ammonia. 
Feldspars***° and other potassium minerals such as leucite*® give potash 
solutions when heated with calcium salts and leached with water. The pro- 
duction and composition of caustic potash suitable for soap manufacture have 
been reviewed.”’ | 
Concentration and Purification. 

The solutions can be concentrated by evaporation in metal vessels and are 
sold commercially at 50% strength. The concentration is increased to 90% or 
more* by heating the solutions to 375°C. under reduced pressure in evapora- 
tors made of nickel, which is resistant to hot alkalies. Silver or gold or gold- 
plated apparatus” has also been used. 

When cooled to about 20°C., solutions containing more than 61% of potas- 
sium hydroxide solidify and are cast into sticks or pellets. 

Under atmospheric pressure, aqueous solutions of potassium hydroxide are 
not saturated at their boiling points and to remove the last few percent of 
water they must be heated to near the melting point of the hydroxide (~406°C.), 
either under reduced pressure or in an inert liquid of high boiling point.*° The 
residual water may also be removed by the action of calcium carbide on drop- 
lets of the solutions suspended in a hot inert liquid.* 

The solutions can be concentrated and purified by fractional freezing. In 
this way the dihydrate, KOH,2H,O, is obtained almost free from sodium hydr- 
oxide and potassium chloride.** Potassium chloride, the main impurity in the 
solutions from diaphragm cells, crystallizes out during evaporation, but it can 
be separated by cooling the solutions until both the chloride and hydroxide (as 
dihydrate) crystallize.** The mixed solids are separated by flotation of the 
chloride in the mother liquor. Small amounts (0°75%) of the chloride can be 
removed by adding a surface -active compound (acetates of long chain aliphatic 
amines) to a concentrated hydroxide solution:** when the mixture is shaken, 
most of the chloride is carried away in the froth and only about 0°04% is left. 

If a solution containing sodium and potassium hydroxides is concentrated 
at 60°C., the potassium hydroxide crystallizes out and leaves the sodium 
hydroxide in solution.** The sodium hydroxide can also be removed by 
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passing sulphur dioxide into the solution to precipitate sodium sulphite.*° Ion 
exchange chromatography has been used to concentrate potassium hydroxide 
from weak solutions,*” and also to separate it from sodium and lithium hydr- 
oxides on a small scale.** The method is useful in removing carbonate ions, 
which are always present in potassium hydroxide which has been exposed to 
the air. The carbonate ions can be absorbed directly in preference to hydr- 
oxide ions by passing a solution down a column of an anion exchange resin.” 
Another method is to add barium hydroxide to precipitate the carbonate, and 
then pass the filtered solution through a cation exchange resin which retains 
excess barium ions.*°** The eluate solutions are free from barium, chloride, 
and carbonate ions, provided that they are protected from carbon dioxide. To 
avoid the difficulty of preserving weak (0°001N.) standard solutions of the 
hydroxide, they can be produced during the process of titration by passing a 
weak standard solution of potassium chloride through an anion exchange 
resin.** Free iodine in hydroxide solutions is removed by adding hydrazine.** 

Potassium hydroxide of analytical quality may contain small amounts of 
chloride, chlorate, iron and heavy metals as well as carbonate (1-2%) and 
water. The sodium content can be determined by flame photometry,** small 
amounts of iron (down to 0:001%) by an electrolytic method,* and chromium 
and vanadium by chromatography. *° 

The pure solid can be produced by treating pure potassium metal with pure 
water or water vapour, and evaporating the solution under reduced pressure in 
an inert vessel. Complete removal of the water requires fusion in a vacuun, 
because water vapour dissolves in the molten hydroxide.** When exposed to 
air, the hydroxide rapidly becomes contaminated with water (as hydrates), 
carbonate and also, apparently, the superoxide KO,.*” 


Physical Properties of Solid Potassium Hydroxide 


The melting point of potassium hydroxide has been given as 406°C,*%*® 


and as 404 + 1°C.,° and its lattice energy (at 25°C.) has been calculated to 
be -153 kg.-cal./mole. *° The average value of the heat capacity between 
19°C. and 100°C. is 16°88 g.-cal./mole/°C.*° The coefficient of thermal 
expansion has an average value of about 1-9 x 10% in the temperature range 
30° to 130° Ge The density at 25°C. has been given as 2°12 g./c.c.” and at 
about 20°C. as 2°04, g./c.c.*" 

In the temperature range 0° to 406°C. there are two forms of solid potas- 
sium hydroxide, with a transition between them at 240°C.*” A report that 
there is a second transition at 375°C.°* was not confirmed in later work.*’ 
The structures of the two known forms have been studied by X-ray analysis. 
At about 20°C., the low temperature form (a-KOH), has an orthorhombic unit 
cell.°* The structure contains layers in which the potassium and hydroxide 
ions each have a co-ordination number of 5, and the hydroxide ions of. neigh- 
bouring layers form zigzag chains through the lattice. 

At 300°C. the nigh temperature form (8-KOH) has a cubic unit cell (a = 
5°78A.) like sodium chloride.** The hydroxide ions appear to have spherical 
symmetry, which suggests that they may have some freedom of movement 
around their lattice positions. The effective radius of the hydroxide ion is 
1°53A. The hydrogen atoms were not located in either structure and the 
transition has not been studied in detail. 

The electrical conductivity and viscosity of solid potassium hydroxide 
have been measured.”* 

From measurements of the decomposition potentials of the fused hydroxide, 
its free energy of formation at 400°, 500°, 600° and 700°C. was found to be 
-52°72, -49+ 47, -46*19 and -40°65 kg.-cal./mole respectively.** The specific 
conductivity, x, of the fused hydroxide is given by the equation x = 2+52 [1 + 
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2-3 x 10° (t - 400)] ohms™ where ¢ is the temperature in °C.,°° and the equiva- 
lent conductance was calculated to be 82:4, 93-0, 1040, 115°6 and 1272 
ohms™ at the temperatures 400°, 450°, 500°, 550° and 600°C. respectively. 
These values are based on values for the density of the fused hydroxide of 
1°717, 1°695, 15673, 1°651 and 1°629g./c.c. at these temperatures respectively, 
and the density may be expressed by the equation d = 1°717 [1 - 2°56 x 10° (¢ 
- 400)]. However, the density at 380°, 400°, 420° and 440°C. has also been 
given as 1°87, 1°85, 183 and 1-81 ¢./c.c. respectively.°’ The viscosity coef- 
ficients at 400°, 450°, 500°, 550° and 600°C. are 0023, 0:017, 0°013, 0-010 
and 0-008 poises.*° 

The refractive index n) of the liquid at temperatures near 400°C. is given 
by the equation n)\ = n, - bt x 10%, where ¢ is the temperature in °C. For 
radiation of wave-lengths 6439, 5893, 5857 and 5589A., n, has the values 
1¢453, 1°479, 1°479 and 1°475 respectively and 6 the values 1-0, 1°5, 1+33 and 
1-33 respectively.°” At a wave-length of 5893A., the molar refraction is 7:63, 
7°66, 7°69 and 7°73 at the temperatures 380°, 400°, 420° and 440°C. respec- 
tively. 

At 795°C. the vapour pressure of potassium hydroxide was found to be 8 
mm.°’ Between 1170° and 1327°C. the vapour pressure is given by the equa- 
tion:- 


logioPmm, = 7°330 - 7103/(T + 273), 


and the boiling point (under 860 mm. pressure) is about 1322°C.°* Studies of 
the mass spectra of the gaseous species produced by the vaporization of 
potassium hydroxide indicate that, in the temperature range 270°C. to 450°C., 
the vapour contains mainly the dimer K,(OH),.°° The heat of vaporization is 
36 + 2 kg.-cal. per mole of dimer for the reaction:- 


2KOH(s) = K,(OH),(g) 


at 353°C. The heat of formation of the hydroxide from potassium atoms and 
hydroxyl radicals in the gas phase was found to be -87°5 + 3 kg.-cal./mole 
from measurements of the electron concentration in flames containing traces 
of potassium salts.” 


Potassium Hydroxide in Anhydrous Melts 


Anhydrous mixtures of potassium hydroxide with several other 1onic solids 
have been studied. The system NaOH-KOH has a eutectic at the equimolar 
concentration with a melting point of 170°C.;°? this mixture can be used as a 
heat transfer agent.°* The system LiOH-KOH forms an incongruently melting 
compound, 2LiOH,KOH.™ In mixtures with potassium nitrate and nitrite®® the 
compounds KOH,KNO, and KOH,KNO, are formed which melt congruently at 
236°5°C. and 177°C. respectively. Sodium nitrate and potassium hydroxide 
form solid solutions. The svstem KOH-KCl has two incongruently melting 
compounds, 2KOH,KCl and KOH,KC1;% and the system” KOH-K,MoO, has the 
compound 2KOH,K,MoO, with an incongruent melting point of 580°C. 

Several quaternary systems containing potassium hydroxide and two other 
ions are known and some of their properties have been reviewed.°’ The forma- 
tion of lithium hydroxide is favoured with equilibria KOH + LiCl = LiOH + 
KCl1™ and Li,CrO, + 2KOH = K,CrO, + 2LiOH.°* In mixtures with rubidium 
and caesium nitrates®’ the stable salt pairs are KOH~RbNO, and KOH-CsNO,. 
The systems’? K*, Nat, SO,-, OH™ and’* Kt, Cat*+ SO,-, OH™ have been 
studied. The fused hydroxide is highly reactive and is a good solvent for 
ores in analytical work.” 
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Hydrates and the System KOH-H,O 


Pickering’*® studied the system KOH-H,O in the composition range 0-80% 
potassium hydroxide. The anhydrous hydroxide appeared to be the only 
stable form above 143°C.; as the temperature is lowered the successive 
stable forms were KOH,H,O (75*68%KOH) above 35°C., KOH,2H,O (60-87% 
KOH) down to -33°C. and KOH, 4H,O (43*75%KOH) down to a eutectic at 
-66°C. where the tetrahydrate is in equilibrium with ice and a 30% solution of 
hydroxide. 

Shibata et al.,”* from measurements of the e.m.f. of the cell K,Hg | KOH, 
nH,O, KOH,aq. CaS | HgO,Hg at various temperatures, found that a ene 
hydeate KOH, 14H,O (66°13%KOH) is the stable solid form between 334°C 
and 27°3°C, at which temperatures it is in equilibrium with the monohydrate 
and the dihydrate respectively. Nizhnik and Lastochkina’® studied the con- 
centration range 60-97%KOH by thermal analysis and found that the mono- 
hydrate, m.p. 143°C., was the only compound formed. Mixtures of the 
monohydrate with either the dihydrate (up to 10%) or the anhydrous hydroxide 
(up to 15%), t.e., with a total composition range of 74*+2-79°3%KOH, have a 
relatively constant melting point of about 125°C. The mixture of mono- and 
di-hydrates behaves almost like a compound. 

Cohen-Adad and Michaud’® studied the complete concentration range, 
finding a clearly defined isotherm at -65*7°C., which they attributed to a 
pentahydrate KOH, 5H,O, and also, in mixtures containing more than 76%KOH, 
an isothermal line at 85°C. which showed the existence of another new solid 
phase whose composition was not determined. Other workers (see the re- 
ference 7 quoted in ref. 77) have claimed hydrates with 5, 6, 8 and 18 moles of 
water per mole of KOH. 

Lang and Sukava,’’ in studying the ternary system KOH-K,CO,-H,O, found 
nc evidence for either the pentahydrate or that with 18H,O. Their results 
confirm Pickering’s work’* and they suggest that small amounts of carbonate 
may produce the effects attributed to other hydrates. 

Bolte’® found that the dissociation pressure of the dihydrate at 27*75°C 
was 36mm. When the system was dehydrated slowly, the pressure fell 
sharply to 1*54mm. at the composition KOH,H,O and remained at this value 
until the composition reached KOH, %H,O when it fell to a very low value. At 
31°75°C. the pressure drops occurred at the compositions KOH,H,O (dissocia- 
tion pressure 2*>lmm.), KOH,%H,O (0°75mm.) and KOH,%4H,O. The last 74H,O 
is said to be so tightly bound that it gives no detectable vapour pressure at 
this temperature. 

An X-ray analysis’? of the structure of the monohydrate shows that it 
contains layers of potassium and hydroxide ions linked by water molecules. 
The oxygen atoms form zigzag chains of the type -OH-H,O-OH-. 

The vapour pressure of water over the anhydrous hydroxide at 50°C. was 
found to be 0:007mm. or less®° and the pressure at 25°C. was calculated to be 
not more than 002mm. At 25°C., a litre of gas dried by potassium hydroxide, 
sodium hydroxide or concentrated sulphuric acid contains 0®002mg., 0»l6mg. or 
0-003mg. of water respectively. Bower** measured the relative efficiencies of 
drying agents and found that at 30°C. a litre of gas dried by potassium hydr- 
oxide or sodium hydroxide contains 0:014mg. or 0:80mg. of water, respectively. 
Drying agents have been reviewed by Yoe.** Solid potassium hydroxide is 
sometimes used to dry organic liquids by contact, but compounds with reactive 
hydrogen atoms may form ions, or lose the elements of water, or undergo 
condensation or hydrolysis. 

The eguilibrium between the hydroxide and water vapour has been studied 
at temperatures between 300° and 460°C.** The concentration of water in the 
hydroxide depends on its vapour pressure, but later work on this system 
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between 250° and 420°C. with steam pressures up to 300 atm.** showed that 
Henry’s law is not obeyed, and that potassium hydroxide has a greater affinity 


for water than has sodium hydroxide. 


Physical Properties of Aqueous Solutions 


The solid hydrates do not persist as definite compounds in their aqueous 
solutions, which contain hydrated potassium and hydroxide ions. X-Ray 
diffraction studies of the solutions®* indicate that the potassium ion has about 
four water molecules around it, and the hydroxide ion about four or six. It 
was shown that the results could also be explained if the hydroxide ion were 
able to replace a water molecule around the potassium ion. Association of 
the ions may occur in very concentrated solutions; for example, the saturated 
solution at 25°C. contains 55% of potassium hydroxide, corresponding to a 
composition KOH : 3H,O, with less than four water molecules for each potas- 
sium ion. 

Infra-red absorption spectra of the solutions®® may also be explained in 
terms of hydration of the hydroxide icn, whose absorption band has been 
identified at either 2+30u°’ or at 2°45y.°° The bands at 36-38 and 52n, 
which are also found in solutions of potassium hydroxide in ethyl alcohol,*’ 
have -been assigned to solvated, undissociated potassium hydroxide ‘mole- 
cules’.°? The hydroxide ion gives a Raman line with a frequency shift of 
about 3603cm.~'.°° Measurements have been made of the dielectric con- 
stants’»?? and magneto-optical rotation’® of these solutions. 

_ Mischenko”™ calculated that the sum of the heats of hydration of potassium 
and hydroxide ions at 25°C. is 195 kg.-cal./mole; of which 80 kg.-cal. are 
associated with the potassium ion and 116 kg.-cal. with the hydroxide ion. 

Three recent determinations of the heat of formation of potassium hydroxide 
in water at infinite dilution at 25°C. are in good agreement. The values 
given are —115e21 + 0¢12,°°? -11537 + 0:10,°°9 and -115+323 + 0: 010kg.-cal./ 
mole.*°° 

Many data on thermodynamic properties of the aqueous solutions are sum- 
marized by Harned and Owen.”° 

Measurements of the compressibility coefficients of solutions up to 2°5m. 
(m is the molality) showed that the apparent molal compressibility varies 
linearly with \/m.°’ The standard partial molal compressibility is -81 x 107 
G:c./bar." 

Densities and apparent partial molal volumes (¢,) have been. determined 
for solutions from 0°5 to 17 molal at 10° intervals between 0° and 70°C.7*% 
Some values for the densities are given in Table II. At 25°C. and for concen- 
trations below 5 molal, d, = V,° + 4935\/m. The value of V,°, the standard 


TABLE II.- DENSITIES OF AQUEOUS SOLUTIONS OF POTASSIUM HYDROXIDE” 


Densities 


eee 


0°7427 


1°9804 
4° 4560 
7°6389 
11°8826 
17°8240 


0°99982 
1°03849 
1°09650 
1619542 
1> 29840 
1°40765 
1652565 


0°99800 
1°03437 
1e089'70 
1°18617 


1628799 | 


1°39634 


1651211 | 


0°99219 
1°027.49 
1°08 153 
1° 17659 
1s 27758 
Is 38510 
1-50022 


partial molal volume at 25°C., has been given as 2°9cc./g. 


96b,98b 


0°98330 
1601822 
1e07174 | 
1+ 16610 
1e 26653 
1° 37335 
1s 48802 
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4°06 c.C./B. *® Densities and viscosities were measured for solutions up to 8N. 
in strength at 20°, 30° and 40°C.;°° these measurements were also made on 
solutions containing hydroxide and carbonate. Some values for the viscosi- 
ties are given in Table III. 


TABLE III. - VISCOSITY OF AQUEOUS SOLUTIONS OF POTASSIUM HYDROXIDE” 


|Concn. mol es/ litre | 


0-5N. 


SCO cass (centipoises)| 


CHIDO wo eK 


The e.m.f. of the concentration cell LH, | KOH(m,) | Kx.Hg | KOH(m,) | H, 
has been measured for solutions from 0°05 to 4 molal’®® at 0° to 35°C. and for 
0:22 to 17 molal*®* at 0° to 70°C.; earlier work is reviewed in both these 
references guoted and there is good agreement between the two sets of re- 
sults. Some values’™ for the mean ionic activity coefficient y+ of potassium 
hydroxide in aqueous solution are given in Table IV. The interpolated value 
for a Ol molal solution at 25°C. is 0°790 + 0-001, but Guggenheim and Tur- 
geon, who based their calculations on data from experiments with other types 
of cells, claim that a value of 0776 is more reliable for this quantity.*° 


TABLE IV. - MEAN IONIC ACTIVITY COEFFICIENTS 
OF POTASSIUM HYDROXIDE IN AQUEOUS SOLUTION’®° 


Molality m 


The activity coefficient of the hydroxide in a mixed solution with potas- 
sium chloride is decreased relatively to its value in the pure agueous solution 
(yo); and for concentrations up to 1 molal the relation between the two values 
is given by the equation log(y+) = log(y+)) - a@,,m, - B,,m,’, where m, is the 
concentration of the chloride.’ 

The relative partial molal heat content of the hydroxide in dilute aqueous 
solutions is given by the equation L, = L,(0°C.)+ aT + BT’, between O° and 
40°C.;*°° and some values of the parameter in this equation are given in 
Bale, V. The calculated values of L, agree fairly well with those given by 
Rossini.*°* Values of the relative partial molal heat capacity J, agree with 
those computed’®® from measurements of heats of dilution, and vary linearly 
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TABLE V.- RELATIVE PARTIAL MOLAL HEAT CONTENT AND HEAT 
CAPACITY OF POTASSIUM HYDROXIDE IN AQUEOUS SOLUTION!” 


50 


with y/m.'° The value of the standard partial molal heat capacity CS at 
25°C. has been given as —30:7 + 005,°°% —32+1,'°5 and - 34-4 g.-cal. Pilea ga 
although the last value may be slightly in error. 105 The heat capacity_ of a 
given solution, in g.-cal. per g. of solution, is equal to (1000 + mi Cp, + 
16s lym] )/ 1000 + 56°1m).'°° The relative partial molal entropy of eee 
hydroxide in aqueous solutions increases with concentration until the concen- 
tration is about 8 molal, above which it becomes almost constant, having the 
values 8°84, 5°55, 2°25 and —0*73 g.-cal./mole degree at 0°, 20°, 40° and 60°C 


res pectively.*” 


Electrolysis of Aqueous Solutions of Potassium Hydroxide 


The transport number of the potassium ion in solutions in the range 0°01 to 
3N. at 25°C. is constant and equal to 0» 2633,*°’ a value about only half that in 
solutions of simple uni-univalent potassium salts. 

The molal conductivity of potassium hydroxide, measured by a direct 
current method in very dilute solutions, was found to be 2749 ohms”*.*°* The 
equivalent conductance at infinite dilutioneat.2 52 C., reported as*”’ 270 94 and 
272°0 ohms™,**° is about twice as great as the equivalent conductances of 
simple uni-univalent potassium salts at 25°C. The excess conductance is 
associated with the hydroxide ion, whose high limiting ionic conductance of 
about*)*"!® 197°8 is probably due to a proton transfer mechanism of the type 
H-Q-H + O-H = H-O + H-O-H as suggested by Bernal and Fowler’! and 
supported by recent calculations. *!” 

The equivalent conductance decreases with increasing concentration, and 
for concentrations below 0°06 molar its values at 25°C. are given by the equa- 
tion A = 272 - 121:64/c + 141c(1 — 0°2274/c)."° The conductance in more 
concentrated solutions at 25°C. is shown in Table VI, and at higher tempera- 
tures, in Table VII.*** The total conductivity passes through a maximum at 
about 6N.*** The concentration corresponding to this maximum conductivity 
increases with temperature.*** The solutions of maximum conductivity at 18°, 
55°, 64° and 77°C. contain 272, 31°5, 32°0 and 33°0% of potassium hydroxide 
by weight respectively. 

The ‘energy of activation’ for electrical conductance in potassium hydro- 
xide solutions, which is about 50% of that for sodium hydroxide solutions,*** 
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TABLE VI.- EQUIVALENT CONDUCTANCE AT 25°C. OF 
AQUEOUS SOLUTIONS OF POTASSIUM HYDROXIDE”? 


A equivalent conductance at 25°C. 


m moles/1000g.soln. | c g.moles/litre 


0°06080 0-06081 
O° 15064 0° 15133 
0° 27833 Oe 28152 
0» 50549 0°5167 
1°0204 10697 
1°7740 1°9266 
2° 2782 2° 5338 
3° 4544 40591 
4°6172 Se 726 
5°9823 7°897 

7» 5030 10°611 


TABLE VIL - SPECIFIC CONDUCTIVITIES OF 
POTASSIUM HYDROXIDE SOLUTIONS'" 


Concentration (moles/litre) 


3°8N. 


Specific conductivity (ohms™) 


0-853 0°937 1078 


is less than the ‘energy of activation’ associated with viscous flow,*’® and 
this could be explained if part of the conductivity involves proton transfers. 
The molal conductance increases with temperature and also with pressure’ 
up to about 3000 atm., but is almost constant between 3000 and 12000 atm. 
The excess conductance, relative to a solution of potassium chloride of the 
same concentration and under the same conditions, itself increases with tem- 
perature and pressure, and is proportional to the rate of the proton exchange 
reaction given above. The conductivity has been measured at temperatures 
up to 700°C. under pressures of up to 2800 atm.*** The ionic mobility in- 
creases with pressure both in the liquid solutions and in the mixture above 
the critical point. The dissociation constant of potassium hydroxide in 
supercritical water at 500°C. is only 19 x 10° mole/litre under a pressure 
giving a density of 0*3g./c.c., and increases to 3°4 x 10~ mole/litre at 08 
ge/C.c.; the corresponding degrees of dissociation are 0°31 and 09 respec- 
tively. The dissociation into ions decreases with increasing temperature at 
a given pressure; in the temperature range 400° to 700°C. the energy of disso- 
ciation is -6 kg.-cal./mole, and the change in entropy, -76 g.-cal. /mole degree. 
Gaseous hydrogen and oxygen can be manufactured by the electrolysis of 
potassium hydroxide solutions,*’? and the process is more efficient if the solu- 
tions are compressed.’” Pure solutions of about 30% concentration are 
used,*** and the cell electrodes are designed to allow a maximum current 
density.’?? The evolution of hydrogen at an iron anode has been studied.'?*?” 
Potassium hydroxide is the electrolyte in some alkaline storage batteries and 
primary cells‘*® and also in fuel cells.** It is also used in cells which pro- 
duce molybdate, permanganate and chromate ions by the anodic oxidation of 
molybdenum,’?” manganese steel’** and chromium steel’”’ respectively. 
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| Some Chemical Reactions of Potassium Hydroxide 

Most reactions of potassium hydroxide are those of the hydroxide ion and 
are given by other strong bases. 

The corrosion of iron by hot strong potash solutions is reduced by adding 
alkali metal nitrates and nitrites to the melt.**° Nickel and chromium steels**¥"*? 
and aluminium bronze’** are more resistant, and so is zirconium.’™ 

The rate of reaction with noble metals is greatlyincreased by the presence 
of gaseous oxygen, up to a maximum at 20% concentration in a gaseous mix- 
ture, and the attack is greatest when there is also a 25% concentration of 
water vapour.’ At 410°C., in air containing 25 mole-% of water, the rates of 
attack on gold, silver and platinum are 18, 635 and 1200g. per square metre 
per day. Nickel is attacked at about the same rate as silver under these 
conditions. The corrosion of gold is reduced about one hundredfold if the 
metal is alloyed with palladium.**® Some synthetic polymers such as poly- 
ethylene, polystyrene and polytetrafluoroethylene are very resistant to alkalis 
at temperatures below their softening points. Amber’*’ is resistant to a 50% 
solution at 100°C. There are two reviews on corrosion by fused hydroxides. ***"*” 
Potassium hydroxide vapour corrodes siliceous materials in retorts at about 
OOO" C.**° 

The hydroxides of several metals such as aluminium, tin, zinc and chro- 
mium dissolve in agueous potassium hydroxide to give solutions which contain 
the colloidal hydroxide or complex ions or both.*** Zinc hydroxide is partly 
colloidal in solutions up to 6N. in potassium hydroxide, but above 8N. all the 
zinc is present as complex ions.**? A study of the behaviour of zinc anodes 
in concentrated potassium hydroxide solutions indicates that the ion Zn(OH),~ 
is formed,*** and it was later found’*** that for the reaction ZnO + 20H” + H,O 
= Zn(OH), , the equilibrium constant is 100 + 2 x 10 and the change in free 
energy is —205*2 kg.-cal./mole. A trihydroxy ion is also formed in more dilute 
solutions, ** and for the reaction ZnO + OH” + H,O = Zn(OH,)’, the equili- 
brium constant is 6 x 10™* and the change in free energy, -165*9 kg.-cal./mole. 
A claim that a hexahydroxy complex is formed**® is said*** to be in error be- 
cause the results were expressed in concentrations, whereas calculations 
based on activities show that only a tetrahydroxy ion exists. The polaro- 
graphic behaviour of these ions has been studied.**® 

The formation of basic ions by aluminium in potassium hydroxide solutions 

has been studied by measurements of freezing points,*”’ conductivity® and 
the e.m.f. of alkaline cells.**° Ferric sulphate forms a complex polynuclear 
hydroxysulphate anion.**° Ferric hydroxide dissolves in potassium hydroxide 
solutions with greater ease when chromium hydroxide is also present.*** In 
the concentrated boiling solutions, manganous hydroxide is oxidized by 
gaseous oxygen to trimanganese tetroxide, potassium permanganate and 
2K,0,Mn,0,,2MnO,, depending on the degree of oxidation.*°* In strong solu 
tions, the hydroxide ions are oxidized to oxygen by ferricyanide ions*** and by 
permanganate ions.*** 

When nitrosy1 chloride and nitrogen tetroxide are hydrolyzed by potassium 
hydroxide, some nitric oxide is formed.*** With solid potassium hydroxide, 
nitric oxide reacts at room temperature over a period of several days to give 
Mitrous oxide, nitrogen and potassium nitrite, and the solid hydroxide also 
appears to catalyze the thermal decomposition of nitrous oxide.**® Slow eva- 
poration of solutions containing 2 moles of hydrogen peroxide to one mole of 
the hydroxide gives the compound’*” K,O,,2H,O, which decomposes above 0°C. 
The compound CF,J reacts to give CF,H.** 

Although the heat of neutralization of potassium hydroxide by acids at 
infinite dilution has a constant value of -13,650 g.-cal./mole at 20°C.,**’ the 
measured heats of mixing depend on the @oncentrations of acid and base, 
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partly owing to changes in the partial molal heat capacities of the resultant 
solutions.’°° They have been studied in detail’®»*®? for the neutralization of 
potassium hydroxide by nitric acid. Similarly, the heat of neutralization of 
sulphur dioxide by potassium hydroxide has a minimum value when the solu- 
tion is about 02M. in potassium sulphite.*** This is explained*®* by the dif- 
ference in the heats of dilution of potassium hydroxide and sulphite. The 


rate of absorption of sulphur dioxide gas by potash solutions has been 
studied.?* 


Reaction of Potassium Hydroxide with Carbon Dioxide. 

Solutions of potassium hydroxide are often used to remove carbon dioxide 
fron gases. The kinetics of the reaction OH” + CO, = HCO, have been 
studied;'** the velocity constant is given by the expression logk = 13635 - 
2872. The heat of reaction is -10,690 g.-cal. + 1% at 22°C. *? 

The overall rate of absorption depends on physical absorption accompanied 
by chemical reactions.*””? The amount of carbon dioxide absorbed increases 
with the viscosity of the solution’®* but the rate of absorption is inversely 
proportional to the viscosity.‘®»'”° The rate increases with hydroxyl concen- 
tration to a maximum at about 28% of potassium hydroxide’” although the rate 
increases only slowly above 4% and the maximum has also been claimed for 
2N. solutions.’”* The rate depends on the concentration gradients of carbon 
dioxide in the liquid, which is itself determined by the hydroxyl ion concentra- 
tion.*”° The rate also depends on the concentration of carbon dioxide in the 
gas phase’”® and on the extent of contact between gas and liquid.*’? Equili- 
brium at the interface between gas and liquid is reached very quickly, and the 
diffusion of molecules of carbon dioxide into the liquid as the reaction pro- 
ceeds may determine the overall absorption rate.’7* Several equations have 
been given’7%777%175s17° which represent the overall rate of absorption in dif 
ferent types of apparatus, and a graphical method for designing such apparatus 
has been described.*””? Useful reviews of previous work on this subject have 
been published.*°%?7%78 

Some data have been given on the conditions required for the complete 
absorption of carbon dioxide in gas pipettes.*’® In the determination of small 
amounts of carbon dioxide’”® it was found that pellets of potassium hydroxide 
were more efficient when moist than when absolutely dry. 

In the system KOH-K,CO,-H,O’”** there is no evidence of compound 
formation between the two salts. The total solubility varies only slightly 
with their relative amounts. Some values of the ratio %KOH:%K,CO, in satu- 
rated solutions at 25°C. are 10°8:395, 22°8:24°9, 37°0:11+1 and 50°4:2°9. In 
these solutions, the viscosity is greater and the conductivity less than in the 
solution of the single hydroxides.*** Viscosity and density data for the 
mixed solutions have been given.” Since the carbonate is a common impurity 
in the hydroxide, solution properties of the hydroxide are sometimes deter- 
mined by measuring their values in mixed solutions of known composition and 
extrapolating the results to zero concentration of carbonate. | 


Miscellaneous Phase Equilibria. 

Phase equilibria are known (in part) for systems containing potassium 
hydroxide, water and the following compounds: sulphur dioxide,*** potassium 
chloride,****** potassium molybdate,*** potassium iodate,*®® potassium tar- 
trates,**’ uranyl nitrate’®® and phosphoric acid.**°""? 

The equilibrium between potassium hydroxide and calcium sulphate is 
important in the setting of cement’®? and the strength of concrete is increased 
by adding to the mixture 02 to 1% of the hydroxide with twice this amount of 
potassium sulphate,*** although the composition of the solid phase may not be 
altered. 
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Potassium hydroxide undergoes base exchange with clay minerals,*** and, 
by treatment with a normal solution of the hydroxide montmorillonite is changed 
into illite.?*° 

Potassium hydroxide is insoluble in liquid ammonia’”® and when it is added 
to strong aqueous solutions of ammonia, they separate into two layers.’* Its 

‘salting out’ effect has been studied also with aqueous solutions of pyridine 
and dioxan,'®’ acetone’?”*** and triethylamine.*”’ 

At 28°C.,100c.c. of ethyl alcchol will dissolve 29:0 g. of the hydroxide to 
give a erie ich with a density of 1-04g./c.c.and 100 c.c. of methyl] alcohol will 
dissolve 40°3g. to give a solution with a density of |+14g./c.c.° The pre- 
paration”®’**°* and preservation*™ of the solutions in ethyl alcohol have been 
described, and measurements made of the conductivity of solutions of the 
hydroxide in alcohols, aniline and pyridine.”” 


95 


Reactions of Potassium Hydroxide with Organic Compounds. 

Solutions of potassium hydroxide in organic liquids do not always contain 
only solvated potassium and hydroxide ions; in the alcohols, for example, 
alkoxide ions are produced by the reaction OH + ROH = RO™ + H,0O. The 
hydroxide will also form salts with weak acids like pyrroles”®® and fluorene,’ 
and it can be used as an absorbent for acetylene.*” It will substitute iad 
groups for hydrogen in compounds like nitrobenzene*” and anthanthrone.**° 
The fused hydroxide reacts with alcohols, aldehydes, ketones and esters to 
give potassium carbonate and hydrogen and/or methane.”** Ethers and amines 
aré not attacked, but glycol, glycerol”? and sugars and cellulose”’® are also 
‘completely decomposed. cycloHexanol is oxidized to caproic acid by the 
fused hydroxide,*** and hot solutions of the hydroxide will also dehydrate 
aliphatic hydroxy compounds. A good absorbent for oxygen is a solution 
containing 18% of potassium hydroxide, 15% of pyrogallol and 67% of water.*” 

Under mild conditions, potassium hydroxide forms solid addition compounds 
with some substances containing hydroxyl groups. With the potassium salts 
of tartaric acid, the compounds known**”*** are KOH,K(d-tartrate), 14H,O, 
KOH, K(mesotartrate), 3H,O0 and K(mesotartrate),2’,KOH, 3H,O. With glucose’ 
and galactose”’ 1:1 compounds are formed; in the former the reducing group 
of the sugar is involved in the bonding. With disaccharides, cellobiose gives 
compounds with one and two moles of hydroxide,”*® maltose with one, two and 
three moles,”*® and lactose gives a mixture of the 1:2 and 2:3 com polnds. eu 
The effects in solution are complicated because the alkali disturbs the equili- 
brium among the tautomeric forms of the sugars and also decomposes them, cies 
although it was found that sucrose reduces the concentration of Hy deceit ions 
in aqueous potassium hydroxide.”*° X-Ray studies show that polyvinyl alcohol 
forms molecular compounds with alkalis.?” Cellulose forms compounds in 
which the ratio C,H,,O;:KOH has the values 2:1, 3:2, 4:3 and 1:1,77*?”* and the 
structure of these alkali celluloses has been discussed.” 

Cotton cellulose absorbs the ions in potassium hydroxide solutions and 
swells,?**??7 and when the mixture is treated with carbon disulphide, the potas- 
sium salt of cellulose xanthate is produced.*”* 

Addition compounds are also found with inulin and anhydrosugars,*” cyclic 
imides?*° and creatinine.” 

Potassium hydroxide is absorbed by gelatin”** and by other colloidal electro- 
lytes in solution, a process which affects the apparent neutralization point 
when the hydroxide is used to titrate polymeric acids like polyacrylic acid**® 
and polymethacry lic acid.*** 


Uses 


In addition to its uses as an electrolyte in cells and as an absorbent for 
carbon dioxide, potassium hydroxide, either anhydrous or in solution in water?’ 
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or alcohols, will act as a catalyst in hydrolysis and condensation reactions**® 
such as the reaction of formaldehyde with phenols**’ and the polymerization of 
siloxanes.™° It improves the performance of metal oxide catalysts in dehydro- 
genation reactions™* and in the hydrogenation of carbon monoxide.**? In the 
latter reaction, the hydroxide may act by preserving on its surface the methylene 
radicals which later combine to give hydrocarbon chains.** When added to 
Raney nickel catalysts™** the hydroxide inhibits the dehydration process with- 
out affecting the dehy drogenation. | 

Concentrated aqueous potassium hy droxide extracts mercaptans from petro- 
leum distillates;****? it is more efficient than sodium hydroxide and requires 
the addition of a smaller amount of methyl alcohol to prevent solidification. 
High-temperature lubricants suitable for use in the extrusion pressing of steels 
are made from potassium hydroxide with mica or molybdenum sulphide.” 
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SECTION L 
POTASSIUM FLUORIDE 
By W.H. LEE and M. F.C. LADD 


Preparation 


No. new. laboratory-scale preparations have been reported, but the following 
methods have been proposed for the industrial production of potassium fluoride. 
Treatment of a silicate mineral, e.g. felspar, with steam and silicon tetra- 
fluoride at 500°-G00° yields potassium fluoride, which may then be extracted 
with water." A method used in the preparation of sodium fluoride — by treating 
a mixture of sodium carbonate and silicofluoride, Na,SiF,, with caustic soda — 
is said to be applicable to the preparation of potassium fluoride;*” it is 
thought that the greater solubility of the potassium salt may, however, render 
its separation more difficult. Potassium fluoride may be obtained by fusing 
calcium fluoride with silica and caustic potash or potassium carbonate, the 
mixture of potassium fluoride and silicate being extracted with water; this 
method has now been improved by treating the solution with hydrofluoric acid, 
hydrofluosilicic acid, or potassium silicofluoride, K,SiF,, to convert the potas- 
sium Silicate first formed into potassium fluoride and silica.* Fusion of cal- 
cium fluoride and potassium carbonate, in the mol. ratio 1:2, yields potassium 
fluoride, which again may be extracted with water.” Freshly prepared, molten 
potassium sulphide is converted into the fluoride by mixing with a solution of 
hydrogen fluoride, or of sodium fluoride, out of contact with air;° alternatively, 
_ the sulphide may be treated with sufficient hydrofluoric acid to give a solution 
of the acid fluoride, KHF,, containing free HF. Evaporation and crystalliza- 
tion recovers the acid fluoride, which may be decomposed by heating.’ Solu- 
tions of potassium fluoride containing thionates may be purified by treatment 
with hydrochloric acid under pressure at 300°. The fluoride is extracted with 
water,’ 2 

Potassium fluoride has been prepared by treating solid potassium chloride 
with excess of gaseous hydrogen fluoride at quite low temperatures; it is 
stated that 15° is suitable. The resulting product is heated in order to remove 
excess of hydrogen fluoride.” The treatment of potassium halides with 
fluorine leads to the formation of compounds of higher fluorine content than 
the normal fluorides.* The formula KF, is suggested for one such compound 
prepared in this manner, and some of its properties have been discussed.° 
The separation of ammonium and potassium fluorides from a mixture may be 
accomplished by passing ammonia into the solution, the ammonium salt being 
precipitated." 

The acid salt, KHF,, has been dehydrated by treatment with fluorine.” 
This salt is often used as the electrolyte in cells producing-fluorine, and it is 
important that iron, present as an impurity, should be removed as completely 
as possible. This has been effected by treatment with sodium fluoride, when 
the triple salt, NaF,2KF,FeF,, is precipitated, reducing the iron content to a 
few tenths of 1%.” 


Physical Properties 


The lattice constant and density of potassium fluoride have been re-deter- 
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mined, with the results listed in Table I:- 


TABLE I.- LATTICE CONSTANT AND DENSITY OF POTASSIUM FLUORIDE 


Mellor, II,513 


These values differ from those previously recorded and given in the last line 
of the Table, and it seems probable that the best value for the lattice constant 
is 5°347A., 

The lattice energy has been re-calculated*®*® and the values deemed 
reliable are listed in Table II:- 


TABLE II.- LATTICE ENERGY OF POTASSIUM FLUORIDE 


U (kg.-cat./mol.) | 193 | 193 | 192 | 192 
Ref. 17 | 18 | 18 | Mellor,m,512 


The first value in this Table was obtained on the assumption of basic ionic 
radii. The second value results from application of a modified Born-Haber 
cyclic process, and the third from consideration of an electrostatic model, 
allowing for dipole-dipole and dipole-quadrupole interactions. Oriented over- 
growths of potassium fluoride are produced on crystals of sodium chloride but 
not on crystals of silicon carbide;*’ the theoretical reasons for this have been 
discussed. Similar overgrowths on potassium chloride, potassium bromide 
and lithium fluoride, have subsequently been reported.”° 

The crystal structure of the hydrate, KF,2H,O, obtained by crystallization 
from the saturated aqueous solution, has been determined by X-ray diffraction. 
The crystals are orthorhombic,” with a = 406A., b = 5*15A., c = 817A. 

A study of the structure of the acid fluoride, KHF,, by neutron diffraction 
has shown that the hydrogen atom occupies a central position in the linear F - 
H - F ion to within 0+1A.7%?* and that the F - F distance is the sum of the 
atomic and ionic radii of fluorine.” 

Vapour density determinations at 1550° show that potassium fluoride con- 
sists of simple molecules in the vapour phase.*® The vapour pressure of the 
fluoride has been measured at a number of temperatures”’ and the results, 
listed in Table III, accord with the formula:- 


log P (atm.) = -41900/4:57T + 5138 


TABLE III.- VAPOUR PRESSURE OF POTASSIUM FLUORIDE 


2498 


The melting point is recorded as 846°, and the boiling point as 1505°C. 

The heat of formation of potassium fluoride at 25° is 134°5 kg.-cal./mole.” 
The entropy of fusion is 5°52 e.u., from which it is deduced that the salt is 
fully ionized in the fused state.” 

The molar conductivity, A;, of fused potassium fluoride at temperature T° 
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has been shown to follow the relationship:- 
‘Ay = 101+8 + 0+3163(t - 900), 


within the range t = 863° to t = 975°C.*° The conductivity of fused salt mix- 
tures with sodium chloride has been determined, as listed in Table [v.2? 


PS: decomposition potentials of fused potassium fluoride have been mea- 
sure 


ie 900 940 980 
volts 2°13 2°00 1-70 


TABLE IV. - ELECTRICAL CONDUCTIVITIES OF FUSED POTASSIUM 
FLUORIDE AND MIXTURES WITH SODIUM CHLORIDE 


Sap 
j 860 950 1000 
4°14 eh eee 4°54 | eas 4077 


; aE, 


710 750 720 800 8.20 860 885 900 930 
, Pee oUt  eabli 2647 | 4 B62 1 ae71s| BOD |, aig | 4098 | 
"720 7710 800 910 930 960 
267 | 2:98} 3625 395 | 422] 434 


ea 2Nacl 


710 760 | 815 900 940 970 
Peed \ 20649 | ia 3y908|-e 2080.) 4002 | 4.40 


For a series of halides of a given alkali metal, the dielectric strength is a 
linear function of the heat of formation of the solid and gaseous states of the 
compound: the value for potassium fluoride is 2+0 x 10° volts/cm.** 

The molar refraction of potassium fluoride dihydrate, Rx F,2H 30> is 1162, 
Since RxF is 5:06, the refraction contribution of the water of crystallization, 
Ryo, is 3+28.*4 

Some thermodynamic properties of the acid fluoride, B-KHF,, have been 
investigated, and are listed in Table V. 


TABLE V.- THERMODYNAMIC PROPERTIES OF ae 


Ore 


469-2 | a — f transition 2° 68 | 507 
formation 1s ms 3e1 
decomposition 
[KHF,(solid B) > 
K F(solid) + HF 
(gas) 


From a consideration of these, and other, data, the value 2°67 + 1 kg.-cal./ 
mole, for the AH a -> B was adopted. From the fact that ASdecomp, tends 
to zero as T —> O°K., it is concluded that the height of the potential barrier 
between the two minima is small.** 

The hydrogen bond in KHF, has been further considered. From a study of 
infra-red absorption and fetteaion spectra, a double-minimum potential energy 
curve for the F — H — F ion, such as is found for the Q — H — O system in 
ice, was postulated. This follows from the assignment of two absorption 
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lines, at 1222 cm.”* and 1450 cm.™, to the hydrogen frequency of the HF,” ion. 
On this basis, the resonance energy is calculated as 0°04 kg.-cal./mole, com- 
pared with a total H-bond energy of 30-50 kg.-cal./mole; the F - F distance 
is 2©26A., as compared with twice the ionic radius of the F7 ion, 2+70A.*° 
This assignment of the above frequencies has, however, been questioned. 
The peaks at 1222 cm.” and at 1450 cm.”* were taken to represent the v, and 
v, fundamentals, and not the doubling of v,; on this basis, no pronounced 
double-minimum potential energy curve is to be expected, and this view is 
supported by heat-capacity measurements at low temperatures.’ 

A similar conclusion has been reached from a study of the temperature 
coefficient of dielectric permittivity. The value +2 x 10%, between 80°K. and 
300°K.,** differs greatly from that deduced for the double-minimum model, viz. 
-—10°? to -10%. 

Evidence for the high degree of ionicity of the H- bond in HF, 1s afforded 
by a study of the Raman spectrum of solutions of KHF,.* 

Turning to a eonsideration of aqueous solutions of potassium fluoride, the 
refractive indices have been measured by an interferometric technique.*° 

Table VI lists the normality, c; the difference between refractive indices 
of solution and solvent, 6n; and the refractivity-function, W, defined by w = 
560°68 dn/c. The refractive index of water, at temperature t°, is given by:- 


nB = 16333000 - 107[0+124(¢ — 20) + 0+1993(t? - 400) - 5 x 10%(t* - 160,000)] 


TABLE VI. - REFRACTIVE INDICES OF AQUEOUS SOLUTIONS 
OF POTASSIUM FLUORIDE AT 18° 


From the non-linearity of the relationship 10°65n/\/c below c = 00007, it is 
concluded that a change in the ionic forces occurs at this concentration: W 
appears to be an ‘independent’ ionic function, like electrical mobility:- 


~ Unar = 08 ; 
Ber faar TBR Ee teva = 08 
Yx1 -VKF = 8.9 , 2 thee 
Yat ~ YNaF By tae wne eee sion. oo 


At 25°, the solubility of potassium fluoride is 30°49 moles per 100 moles of 

water; the heat of solution, at infinite dilution, is 5e912 kg.-cal./mole at this 
temperature.** The integral heats of dilution, for solutions in water and in 
D,O, are recorded in Tables VII and VIII.*? 
An equatioa is proposed for the evaluation of the standard free energies of 
hydration of alkali halides, which gives for potassium fluoride the value 180 
kg.-cal./mole.** The equation uses thermodynamic data from the literature; 
the value 31+5 kg.-cal./mole is taken for one-half the dissociation energy of 
fluorine, whereas the present accepted value is 18+3 kg.-cal./mole.** 
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TABLE VUil.- INTEGRAL HEATS OF DILUTION, V,,, OF 
POTASSIUM FLUORIDE SOLUTIONS IN WATER AT "25°C, 


Concn., mol./100 moi. soln. 


Initial | Final 


TABLE VIII. - INTEGRAL HEATS OF DILUTION OF 
POTASSIUM FLUORIDE SOLUTIONS IN D,O, AT 25°C 


. Concn., mol./ 100 mol.solvent rian 


Further heat data, for solutions of potassium fluoride in water, are listed in 
Table IXx.** ' 


TABLE IX.- HEAT DATA FOR THE SYSTEM 
POTASSIUM FLUORIDE-WATER AT 25°C 


Heat of solution of KF, infinite dilution +4244 
Heat of solution of KF, sat. soln. +2415 
Heat of dilution of KF, Sat. soln. +0°185 
Heat of hydration, KF — KF, 2H,O +5912 
Heat of solution of KF, 2H,O, inf. diln. “= 16668 
Heat of solution of KF,2H,O, sat. soln. —3°497 


Heat of dilution of KF,2H,O, sat. soln. — 40367 

The heat of hydration AH, of potassium fluoride is found | to be 193 kg.- 
cal./mole.*® The assumption of equal heats of hydration of K* and F~, made 
by Bernal and Fowler,*’ is rejected, the authors choosing AH;(Cs*) equal to 
AH} (17); on this basis, they calculate the individual heats of hydration for K* 
(AH, = 80 kg.-cal. Vrole): and F~ (AH, = 113 kg.-cal./mole). 

Vapour pressure data have been employed to study the degree of dissocia- 
tion a of the potassium halides, in concentrated aqueous solutions and the 
hydration-numbers of the individual ions.**® For potassium fluoride:- 


Concn., moles per Concn., moles per a Moles of water 
litre of water litre ‘free’ water bound by ions 
4-8 6+ 31-18+44 0°425-0°328 2064-3195 


The hydration-numbers of the ions are K* = 4 and F7 = 
The high-temperature hydrolysis of the potassium eee has been studied; 
for the reaction:- - 
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KF(s) + H,O(g) = KOH(s) + HF(g) 
pK, at 25°, = 19°90. For the reaction:- 

KF(1) + H,O(g) = KOH(1) + HF(g) 
pK at 1000°= 5-1. For the reaction:- 

2KF + H,O(g) + 4O, = 2KOH + F, 


pK at 25° = 956. The stability of potassium fluoride against high-tempera- 
ture hydrolysis is less than of the other potassium halides; the contrary is 
true for lithium fluoride.* 

Current-voltage relationships in the electrolysis of aqueous solutions of 
potassium fluoride have been determined, using bright platinum electrodes. 


TABLE X. - CURRENT-VOLTAGE RELATIONSHIPS 
FOR AQUEOUS POTASSIUM FLUORIDE 


Normality, First break in Second break in 
KF I/V curve, volts | I/V curve, volts 


1°62 + 0°05 


1°62 + 0°05 
1°62 + 0°05 
1662 + 0°05 


The initial break, at 1°62 volts, is said to correspond with the decomposition 
potential of water in the solution with bright platinum electrodes. The poten- 
tial up to the second break includes the opposition of the resistance of the 
solution, reversible decomposition of water, and the hydrogen and oxygen over- 
voltages for smooth platinum.*° 

The lowering of the eutectic temperature of potassium nitrate-water mix- 
tures, by addition of potassium fluoride, has led to adoption of the formula 
KF, rather than K 2, for this salt. Results with KHF, imply complete dis- 
sociation into K* and HF, , with further partial dissociation into HF, and F™ 
on dilution.*** 

Viscosities and diffusion coefficients of aqueous solutions of potassium 
fluoride are given in Table XI. The product of viscosity, 7, and diffusion 
coefficient, D, is found to be approximately constant.** 


TABLE XI. - VISCOSITIES AND DIFFUSION COEFFICIENTS 
IN AQUEOUS SOLUTIONS OF POTASSIUM FLUORIDE AT 20° 


7,C.8.8. 10°D, 7 
dp units | cm.?,sec.7 nea 


33°8 


The magneto-optical rotations for the D-lines for aqueous solutions at 
various concentrations have been measured.** The data for potassium fluoride 
are recorded in Table XII. 

[w,] is derived from the experimental values of [w] by means of the equa- 
tion:- 


[wo] = 7,lo,] + z[o,); 
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where [w,] and 7, apply to water. 

Magnetic susceptibility measurements on aqueous solutions of potassium 
fluoride at 20° give ym = -24+1 x 107°,5* which agrees closely with X¥, = 
-—24-08 x 10°°, subsequently determined.*® Values are further deduced for the 
fluoride ion, Xj, = -8*2 x 10°° (dissolved), and y,, = -7*7 x 10° (free), and for 


TABLE XII.- MAGNETO-OPTICAL ROTATIONS 
FOR POTASSIUM FLUORIDE SOLUTIONS AT 25° 


Verdet’s 
const. w 


Magnetic 


iP) 
g.solute/ 
100g. soln. 


0°-99707 12°698 0-013075 | 0013113 (0+ 275) 


1-1087 
1°1328 
1+-1663 
1+ 2004 
162441 


12°97 
13-00 
13°05 
13-09 
13°08 


001336 
0°0 1339 
0°01344 
0°01348 
0°01347 
001344 


0-0 1205 
0-01182 
001152 
001123 
0-0 1083 
0-01054 


0°27 
0:27 


0:27 


0+ 27 
0-26 
0» 25 


1+ 2746 13°05 


the potassium ion, y = —16*3 x 10°° (dissolved and free). 
Potassium fluoride dissolves in hydrofluoric acid and the specific and 
equivalent conductances have the values given in Table XIII.°’ 


TABLE XIII. - ELECTRICAL CONDUCTIVITY OF SOLUTIONS 
OF POTASSIUM FLUORIDE IN HYDROGEN FLUORIDE AT -15° 


KF concn., 


0-5 0-0863 
00488 
00258 
0°0133 
0-00 663 
000321 


From these data it is inferred that, in 0°5 mol./litre solution in hydrogen 
fluoride, potassium fluoride is 65% dissociated. 

The vapour pressures of such solutions have been measured, and may be 
represented by the equation:- 


log P = 20733 - 4244/T + 0*2975c + 47*94c/T - 0+*003785c?, 


over the ranges c = 38-44 wt.% HF, and temperatures of 70°-150°C.*° 

From an analysis of cryoscopic and ebullioscopic data, for the system 
potassium fluoride-hydrogen fluoride, equations have been deduced relating 
the activities of the components to the concentration of the solutions.*” 

The solubility of potassium fluoride in bromine trifluoride is compared 
with that for water and hydrofluoric acid solvents in Table XIV, giving the 
solubilities, in mol-fractions of solute species, in bromine trifluoride, water 
and anhydrous hydrogen fluoride respectively.°° 

At 20°, the solubility of potassium fluoride in phosphorus oxychloride is 
0°40 g./l.,° and this solution has a specific conductance of 26 x 107° ohm™ 
cm. 

Solubility measurements have also been made in certain organic solvents 
with the results recorded in Tables XV and XVI:-°° 
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TABLE XIV. - SOLUBILITY OF POTASSIUM FLUORIDE 
IN BROMINE. TRIFLUORIDE, WATER AND HYDROGEN FLUORIDE 


se 061759 
70 0-205 , 


TABLE XV. - SOLUBILITIES OF POTASSIUM FLUORIDE 
IN METHYL, ETHYL AND BUTYL ALCOHOLS 


Methyl alcohol 


Ethyl alcohol 
Butyl alcohol i 


The units of concentration are moles per mole of solvent, and the experi- 
mental results have been multiplied by 10*. 


TABLE XVI.- SOLUBILITIES OF POTASSIUM FLUORIDE 
IN METHYL ALCOHOL AND METHYL CYANIDE 


Concn. units a 
Me wae 


g./100g. 10°00 x 107 | 106-2 x 107 | 36x 107? | 24x 10° 
mol./l. 1°35 x 107% 1°38 x 10m 468 x 10°* | 32x 10° 


The solubility of potassium fluoride in aqueous acetone at 18° has been 
determined. Values of relative solubility (solubility in mixed solvent/solubil- 
ity in water) are shown in Table XVII.°*? 


TABLE XVII.- THE SOLUBILITY OF POTASSIUM 
FLUORIDE IN AQUEOUS ACETONE 


"Relative Solubility 


A cryoscopic study of potassium fluoride in molten lithium borate as sol- 
vent has shown that the solute is completely ionized.“ From this and other 
studies, lithium borate would appear to be an excellent ionizing solvent in 
which, for example, natural cryolite is ionized into 10 particles. 


Chemical Properties 


The reaction between potassium fluoride and an oxide MO (where M = Zn, 
Ca or Mg) leads to the formation of the double fluoride KMF,. Of these double 
fluorides, KZnF, is tetragonal, having a = 849, c = 8-09; the others are 
monoclinic, having: KMgF,, @=5=c = 800, B= 91° 1I8SK Cak,, d=.h Se 
880, B = 92° 36". All appear to exhibit various modifications of the perov- 
skite structure.° 

In studying the formation of complex fluorides, reactions of potassium 
fluoride in iodine pentafluoride, IF,, as solvent, have been investigated.° 
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With boron trifluoride, the reaction is BF; + KF — KBF,, indicating the 
acidic nature of BF, in this solvent. Antimony pentafluoride, a Lewis acid, 
is associated with one molecule of solvent and reacts with potassium fluoride:- 


SbIF,, + KF —> KSbF, + IF;. 


The system potassium-potassium fluoride has been studied. Above about 
960°, the components are completely miscible. The consolute temperature is 
910°. In general, miscibility of solid halides in the corresponding liquid 
alkali metal increases with increasing atomic weight of the metal.°’ 

The reaction NaNO, + KF = KNO,+ NaF, at 530°, takes place with AH = 
- ~8°53 kg.-cal./mole. In the reciprocal system of these components, shown in 
Fig. 1, binary eutectics are observed at 298° and 9% KF, for KNO,-KF, and at 


NaF : KF 
990° ; 710 850° 


Nae cele BM PUN beg hy aaa te «Se / 
Sey 4 298 
SOR ee Ss a a a aN pee Ie ae aa t 


309° 228 337° 
NaNO, KNO, 


a. FIG. 1. THE QUATERNARY SYSTEM NaF-KF-KNO,-NaNO, 


710° and 60% KF, for NaF-KF. The stable diagonal KNO,-NaF divides the 
four-component diagram into two ternary systems. One of these, NaF-KF- 
KNO,, has a triple eutectic at 295°, with composition 90°5% KNO;, 2*°5% NaF, 
and 7% KF. ‘The second ternary system, NaF-NaNO,-KNO,, has a minimum 
point at 228°,°° , 

The system KF-H,O has been investigated, and the phase diagram is 
Shown in Fig. 2. A eutectic of ice and KF,4H,O occurs at -—21+8° and 21+5 
weight % KF. The compound KF,4H,0,KF,2H,O melts at 18+5°.°° 

The compounds KF,4HF, and 2KF,5HF, together with the two forms of the 
acid fluoride KHF,, have been found in the KF-HF system, from vapour-pres- 
sure and melting-point measurements. The above compounds exist in solutions 
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-10 /KF.4H,O 


0 10° "920° 30 “40°50 60 7/0- “20 
wt. % KF 


FIG. 2. THE BINARY SYSTEM KF-H,O 


containing more than 0°46 mole fraction of HF.’° Solubility relationships at 
20° have been studied for the system potassium fluoride-hydrogen fluoride- 
water,’ 

Phase studies of the system KF-KI-H,O indicate a complete range of 
solid solutions between the two salts;’* in the system KF-KCI-H,0, no solid 
solutions or double salts are observed either at 25° or at 75°.”° 

The reaction between fused sodium and potassium and their fluorides was 
studied by heating the various mixtures in nickel tubes; at 1000°, the equilib- 
rium constant for the reaction K +NaF = Na+KF is 0°29 (+ 0+09),”* 

The singular irreversible reciprocal system K, Ca, F, Cl has been investi- 
gated.’*> In Fig. 3, the singular points are as follows:- 

a 665°, the intersection of the curves for KCI,CaCl, and CaF,, at 19 mol.% 
KF. ; 
b 968°, the intersection of the curves for CaF, and KF,CaF,, at 65°8 mol.% 
KF. 
c 592°, the eutectic of KCl,CaCl, and CaCl,, at 10 mol.% KF. 
d 734°, the eutectic of KF,CaF, and KF, at 85°5 mol.% KF. 
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1300 


1200 


700 


0 mol. % KF 100 


FIG. 3. THE PSEUDO- BINARY SYSTEM CaCl,-KF 


The compound CaCl,,CaF, melts incongruently at 644° 
A density diagram for the binary system CaCl,-KF is given in Fig. 4. 


80 
> 

1:70 < 
fe) 
a) 

KF 
60 
0 mol. % CaCl, 100 


FIG. 4. THE DENSITY DIAGRAM FOR KF-CaCl, AT 1250°C. 
Fig. 5 shows the behaviour of the two binary systems KF-CaF, and KF- 
KCl. The former (curve I) shows eutectic points at 782° (24 mol. CaF,) and 
1054° (70:5 mol. CaF,), the intermediate compound being CaF,,KF, which 


Refs. p. 1664 


1660 POTASSIUM 50° 1) 


0 mol. % CaF, (1) 100 
KF (11) 


FIG. 5. THE BINARY SYSTEMS KF-CaF,(I) AND KCI-KF(I) 


melts congruently at 1070°. The latter (curve II) forms a simple eutectic 
mixture at 605°, 45 mol.% KF. | 

Fig. 6 illustrates the system CaF,-K,F,-Na,F,. 7° Singular points are:- 

a eutectic of CaF,-Na,F,, at 51% Na,F,, 810°. 

b eutectic KF-NaF, 40% NaF, 722°. 

c eutectic CaF,,K,F,-KF, 26+7% Cap nie. 

d eutectic CaF,,K,F,-CaF,, 76°9% CaF,, 1060°. 

e ternary eutectic, at 682°, of ponpe. tion 14% CaF,, 50% K,F,, 36% Na,F,. 
Solid phases SI, SII and D. 

p peritectic point of system CaF,-SI-D, at 772°, and 34% CaF,, 19% K,F,, 
47% Na,F,. 

Cooling curves have been plotted for the reciprocal system of fused salts: 
KCl + NaF = NaCl + KF.” - Five solid phases, and three series of mixed 
crystals, are yee In Fig. 7, the point m represents the KCI-NaF eutectic 
at 660° of this pseudo-binary system, and occurs at 28% NaF, 72% KCl. Point 
e, at 582°, represents the eutectic of the ternary system KCI-KF-NaF. Points 
rand s, at 605° and 7228 are the eutectics of their respective binary systems. 
The point t, at 680°, and the point u, 664°, are binary eutectics of the systems 
NaF-NaCl, and NaCI-KCl respectively; fis the ternary eutectic at 612°, cor- 
responding to the composition: 50°5% KCl, 9*25% NaF. 

The liquid-solid equilibria of the system:’”° CaCl,-CaF,-KCI-KF are re- 
presented in Fig. 8. The singular points of the diagram are as follows:- 

a is the eutectic of CaCl, and the double salt CaCl,,CaF, (F). 

b is the incongruent meleaz point of the compound ¢ (CaF,,KF) at 1100°, 
and 30% CaF,. 

Oise etcetera KF-d, at 800°, 60% KF. 
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KF, b Na,F, 


FIG. 6. THE TERNARY SYSTEM CaF,-K,F,-Na,F, 


KCl KF 


D 
NaCl 


FIG. 7. THE QUATERNARY SYSTEM KCI-KF-NaF-NaCl 


d is the eutectic of the binary KCI-KF system, at 605°, 45% KF. 
f is the eutectic of KCl and the double salt 2KC1,3CaCl, (G). 
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FIG. 8, THE QUATERNARY SYSTEM CaCl,-CaF,-KF-KCl 


g is the eutectic of CaCl, and the double salt G. 

t is the incongruent meltin g- point of the compound CaCl,,CaF,. 

e, is the ternary eutectic, at 600°, of KCI-KF-@ with composition 49% F 
4% Ca. 

e,-is a ternary eutectic, at 582°, for the system CaF,-KCI-—2KCI, 3CaCl,, at 
46°5% Ca, and 455% F 

e, is a ternary eutectic, at 584°, for the system CaCl,-G-CaCl,,CaF,, 1.e. 
compound i, 

p is the peritectic point at 722°, of KCl-¢-CaF,, 11% Ca, 25% F 

mis the maximum, at 766°, of p-e,, and corresponds to 18% F, 18% Ca. 

n is the maximum, at 663°, of e,-7, 79% Ca, 15% F 

7 is a ternary peritectic, at 656°, for che system CaF,-E-G, at the compo- 
sition 15% F, 83% Ca. 

ite system Na, K, || F, CO, has been studied;” the results may be ex- 
pressed in terms of the four binary systems:- 

NaF, Na,CO,: a simple eutectic point at 690° and 75% Na,COQ3. 

KE, hake a eutectic at 710° and 60% KF; and a limited range of solid solu- 
tions. 

Na, COw Kk, CO saa complete range of solid solutions. 

KF, K,CO,: eutectics occur at 688° with 30% KF, and 677° with 43% KF; the 
freomecare compound is KF,K,COQ3. 

The salt KHF, behaves as a base in anhydrous hydrogen fluoride; neutral- 
ization by the acids HSO,F, HBF, and HSbF,, yields KSO,F, KBF, and 
KSbF,, respectively.°° The KHF,-water system shows a eutectic at -8° and 
16% KHF,; the diagram shows no ines singularities.** 


Analytical applications. 


Potassium fluoride precipitates K,CrF;,H,O from a hot solution of a 
chromic salt; the reaction has been studied as a possible gravimetric method 
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for determining chromium.*?** Mixtures of concentrated solutions of sodium or 
potassium sulphate and potassium fluoride are said to form excellent substi- 
tutes for the Zimmermann-Reinhardt reagent in the analysis of iron solutions.‘ 
It should be remarked, however, that while the fluoride ion may be a satisfac- 
tory complexing agent for the ferric ion, aconsideration of electrode potentials 
throws doubt on the possibility of replacing the manganous sulphate by sodium 
or potassium sulphate. 

The following reactions are the basis of a method for the determination of 
the aluminium content of soils:- 


AlCl, +n tartrate + 3KOH — AI(OH),(tartrate), + 3KCl 
Al(OH),(tartrate), + OKF —> K,AIF, +n tartrate + 3KOH 


After adding the tartrate to the aluminium chloride solution, 10% potassium 
hydroxide solution is added until the solution is just alkaline to phenolphtha- 
lein. The solution is then neutralized with standard hydrochloric acid solu- 
tion, a 30% solution of KF,2H,O added, and the liberated KOH is titrated with 
the standard acid, to phenolphthalein. The reaction is non-stoicheiometric, 
the end-point occurring approximately 10% before equivalence.”° 

Potassium bifluoride, KHF,, has been suggested as a primary standard in 
quantitative fluorine chemistry and the determination of its purity has been 
discussed.*° A comparative study has been made of methods available for the 
analysis of commercial bifluorides.*’ 


Uses. 

Potassium fluoride prevents efflorescence on ceramic material, such as 
tile.°* It has been used as a promoter in industrial ferric oxide catalysts, for 
example, in hydrocarbon synthesis from carbon monoxide and hydrogen.*””° 

Addition of 1-10% of dry, powdered potassium fluoride to uranium hexa- 
fluoride renders it stable for many months in a glass or silica container.”* 

A mixture of 1-7 moles HF with 1 mole of potassium fluoride forms a 
lubricant resistant to both liquid and gaseous fluorine between 0° and 300°.” 

The electrolysis of 7% potassium fluoride in glacial acetic acid, with a 
platinum cathode and a silver anode, leads to the formation of pure crystalline 
silver fluoride. Other anodes, such as tantalum, niobium, antimony and bis- 
muth, similarly gave the corresponding anhydrous fluorides.”* 

A mixture of 30% potassium fluoride and 70% potassium chloride forms one 
of a series of fluxes, suitable for aluminium welding.”* The eutectic mixture 
of potassium fluoride (48%) and lithium fluoride (52%) formed at 520°, consti- 
tutes a thermosensitive resistance element.’* A study of glasses, of the type 
BeF,-LiF-MF, where M is an alkali metal, shows that the refractive index is 
higher for M = K than for M = Na or Li.”® 

Potassium fluoride is the most effective of a number of sodium and potas- 
sium salts as a salting-out agent for water-isopropanol, and water-tert.-butan- 
ol, mixtures, at 30°.°”%° 

Electrolysis of potassium fluoride in liquid hydrogen fluoride, or of molten 
KHF,, yields fluorine.”°*** In the latter case, the operating temperature may 
be lowered by the addition of sodium fluoride; but this is not recommended, 
because of the higher content of hydrogen fluoride in the evolved fluorine. 

The acid fluoride, KHF,, has been advocated as a suitable fungicide for 
the prevention of mould growth on leather; a 1:500 solution is effective.*°? A 
brazing flux for titanium, zirconium and their alloys may be prepared from 
KHF, (37*5-55%), KCl (10-37*5%) and LiF (25~35%). Potassium bifluoride, 
KHF,, is used as a wood preservative and its permanence as such on storage 
has been considered: it is more hygroscopic than MgSiF, and loses small 
amounts of fluorine under conditions of high relative humidity.‘™ 
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SECTION LI 
POTASSIUM CHLORIDE 
By D.S and (Mrs.) G.M. PAYNE 


Occurrence, Production and Purification 


Potassium chloride is widely and abundantly distributed in saline mineral 
deposits and in the waters of the oceans, the inland seas, and many lakes. 
Its occurrence in these and in minor sources of animal, vegetable and ind- 
ustrial origin have been fully discussed (Mellor, II, 15,428,436,522, this 
volume,1460). By argon determinations, the age of the potash deposits in 
Buggingen and Alsace (Lower Oligocene) has been estimated as (25 + 5 or 
-3) x 10° years.’ Potassium chloride as a source of potash is primarily of 
interest as a fertiliser, when it is often referred to as ‘muriate of potash’. 
Of the salts which might reasonably serve as sources of water-soluble potas- 
sium for plant foods, potassium chloride has several advantageous features. 
On the basis of its equivalent K,O content potassium chloride (63%) is more 
favourable than potassium sulphate (54%), phosphate or nitrate. Its ex- 
traction from the numerous mineral sources is comparatively easy, and it is 
becoming usual to handle material of a high grade of purity, thereby avoiding 
unnecessary freight charges. However, where transport is easy, material of 
a lower grade, containing larger amounts of sodium chloride, is often em- 
ployed. Muriate of potash fertiliser is usually available in various grades, 
particularly as 60% K,O (95% potassium chloride), 55% K,O (87% potassium 
chloride) and 50% K,O (79% potassium chloride). For chemical processes a 
higher grade (98% potassium chloride) is readily prepared by washing poorer 
grade crystals with limited amounts of water or dilute brine. 

The Section on "The Extraction of Potassium Salts from Natural Sources" 
(this volume p. 1459), deals largely with the production of potassium chloride, 
this being the commonest form of commercial potash. Reference to the ex- 
traction can also be found in Mellor, II,526. In production from brines or 
solutions of mineral chlorides, the problem is essentially one of phase phen- 
omena in multi-component systems. The high temperature coefficient of 
solubility of potassium chloride, compared particularly with that of sodium 
chloride, makes extraction comparatively easy. The flotation process has 
been extensively developed for the separation of potassium chloride crystals 
from other halides and at least fourteen patents based on this process have 
been granted over the past twenty years. The flotation liquid is a saturated 
aqueous extract of the mineral or a brine concentrate together with frothing 
and collecting agents, such as pine oil and a primary long chain (14—18 
carbon atoms) aliphatic amine, often as the acetate. The crude mineral, 
crushed and finely powdered to separate the constituent salt crystal into 
discrete particles, is pulped with this liquid. According to conditions, potas- 
sium chloride is concentrated either in the froth,** or in the flotation liquid. * 
Lead or bismuth chloride has been added to the brine to improve the flotation 
separation.* Gravity separation is also effective in the separation of potas- 
sium and sodium chlorides.* The elimination of traces of lead’ and of other 
impurities® from potassium chloride by methods amenable to industrial applic- 
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ation has been described. The constituents of a powdered mineral may also 
be separated electrostatically. On agitating a hot, dry mixture of crystals of 
sodium and potassium chlorides, they acquire respectively positive and neg- 
ative charges, and the potassium salt may then be isolated at the anodes of an 
electrode assembly. Application of this method to a mixture containing mag- 
nesium chloride as a third component has been investigated.” 

Potassium chloride of a purity suitable for use in atomic weight deter- 
minations is prepared from more readily purified salts such as the nitrate,*° 
chlorate,*? perchlorate’? or oxalate,** by the action of hydrogen chloride or 
chlorine gas under appropriate conditions. It is further purified by recrystal- 
lisation from water and dried by melting in a stream of dry nitrogen or under 
vacuum.** Pure potassium chloride containing caesium chloride 10°’% and 
rubidium chloride 10°°%, has been prepared using a cation exchange resin.» 


Physical Properties 


Potassium chloride, 1n particular amongst the alkali metal halides, by 
reason of its accessibility, purity, and convenience, has been the subject of 
numerous physical investigations. In many cases its function has been 
merely that of a convenient uni-univalent electrolyte and except in special 
cases reference to this type of investigation is omitted from the account 
which follows. Only material pertaining directly to potassium chloride is 
discussed. 


Solid State. 

Potassium chloride was shown by Bragg in 1914** to have a 'simple 
cubic' structure, with the space group O}(/m3m). The unit cell contains 4 
'molecules'.*” The side of the unit cell, a, has been variously reported as 
6-276 + 0-006,** 6-280 + 0-003,?° 6.277 + 0-002,” 6.293,7! 6-26,7? or 6-272 A.”* 


The most recent values are summarised in Table [** 


TABLE I.- UNIT CELL, DIMENSIONS FOR POTASSIUM CHLORIDE IN A, AT 25°C, 


18 vey 6. 29229 
| Batuecas and Fernandez-Alonso”~ | 6-307 


Hutchinson?’ 6- 30511 
Vegard”® 6. 289 
Swanson and Tatge”* 6.2931 


The values of Hutchinson and Batuecas and Fernandez- Alonso are from pre- 
cision density determinations, not X-ray measurements. Precision measure- 
ments of the lattice constant at 25°C. of a spectroscopically pure specimen 
gave a value of 6.2929 + 0-00008 A., with a coefficient of linear expansion 
(15°C.—25°C.) of 3-3, x 10-5 /°C.”°, and independently with a very pure specimen, 
6292 A.anda coefficient of linear expansion (25°C.—100°C.) of 3-8 x 10°°/°C.*° 
Densities of pure and calcium-containing single crystals of potassium chloride, 
determined directly, are in good agreement with densities calculated from pre- 
cision X-ray data. Equations are given for the temperature dependence of the 
lattice constant and the coefficient of linear expansion of potassium chloride 
between 20°C. and 600°C. ** 

In Laue photographs of potassium chloride crystals taken perpendicular 
to the [100] plane, radial lines are observed.*? These have been variously 
interpreted as due to a two-dimensional lattice** and to imperfections.** The 
diffuse nature of Laue spot photographs due to thermal vibrations*® has been 
the subject of theoretical investigation into the relation between thermal 
scattering of X-rays and the elastic constants of the lattice. *° 
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X-Ray measurements show that grinding a powdered sample of potassium 
chloride produces very little, if any, lattice distortion.*” The ratio of the 
intensities of the X-ray reflexion from the [200] and [400] planes increases 
under compression.** It is reported that the lattice constant of a sample of 
potassium chloride just after formation by evaporation is greater than the 
accepted value by about 0-15%. On exposure to air or on annealing, the 
lattice constant decreases, but no explanation is given other than the pos- 
sibility of the presence of impurities or imperfections.°** 

The scattering of X-rays from the powdered crystals has been investi- 
gated.*° Using Mo Kg radiation, the effect is approximately the same as 
from gaseous argoil.* 

The lattice constant, a-= 6- 286, + 0-0007 A., of a potassium chloride film 
determined by electron diffraction using gold foil as a standard is 0-3 to 
0-15% larger than the X-ray values,** (see above*’). However, very precise 
electron diffraction measurements of the lattice constant have shown that 
there is no variation in spacing as compared with X-ray measurements, with 
small crystallites down to 150A. For crystal sizes less than 100 A. the 
lattice constant was, in fact, found to be less than the X-ray values by an 
amount dependent on crystal size; for a crystal of about 50 A., the decrease 
was approximately 0-5%.** A lattice constant of 6-22 A, is reported from an 
electron diffraction study.** It should be noted that specimens of potassium 
chloride suffer destruction under the action of an electron beam,** as for ex- 
ample, in the electron microscope. A distinct specular beam is produced by 
the action ot a beam ot cadmium atoms striking a crystal of potassium chlor- 
ide.*® Neutron diffraction with potassium chloride single crystals gives 
structure factors in close agreement with those obtained by other methnds.*’ 
Determinations of the crystal structure of potassium chloride have been re- 
viewed, ** 

The calculated density from X-ray measurements is 1-9865 at 25°C.,”* 
1.9897 + 0-0001 at 18°C.,*° and 1-9901 + 0-00015 at 15°C.*° The density of 
potassium chloride is reported to be independent of particle size over a range 

of average diameters of 0-1—5-0 mm. and to have a value of 1-9891 at 25°C.°%*? 
- Recent precision measurements of density have given the values d, = 1-9917 
+ 0.003,7° and 1.98721 + 0-00002g./ml. at 25°C.*” For the latter result, six 
precipitations of the potassium chloride were required before constancy was 
obtained and a surface effect amounting to a change in density of 10 *g./ml. 
occurred on standing in the atmosphere for two hours; storage over phos- 
phorus pentoxide under vacuum eliminated this effect. The density has: 
also been quoted as 1-9905g./ml. at 16-00°C.,°* and the specific gravity as 
1-983 at 20°C.** The shrinkage of powdered potassium chloride on fritting 
has been investigated by an X-ray method.** 

Details of the growth of potassium chloride crystals and the circumstances 
of the production of various crystal habits are given later. (see page 1682) 

The heat capacity, (C,), of potassium chloride has been measured over 
various ranges of temperature, viz. up to its m.p.,°> 20°C.—40°%.,°° 83° — 
298°K 77 15° 290K. oe 12° 300K, 10 273K ee ao ee 
1.5°—4.0°K.°* At 1-5, 2-0, 2-5, 3-0, 3-5, and 4-0°%., the specific heats are 
1.00, 2-34, 4.66, 8-13, 13-1, and 19-7 x 10°*J/mole°C., respectively.°* The 
mean heat capacity in the range 20°—400°C., Co, is 0-1612 + 3.21 x 10°° tg.-cal. 
/g.°° The calculated values for the specific heat of potassium chloride 
at low temperatures are in agreement with experiment.°* The standard 
entropy for solid potassium chloride, S,o,, is 19-76 + 0-1, 19-75 + 0-06,° 
19.68 + 0-05,°? 19-35 + 0-5 g.-cal./mole°C.°* The free energy of formation for 
the reaction 2K (solid/liquid) + Cl, (gas) -> 2KCl1 (solid), is given by the 


expression: 
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AG soanr0420K. = ~209,800 + 48-0 T° 


The constants in the vapour pressure equation, log, ,p = ~(A/T) + B, are shown 
in Table II. 


TABLE II.- CONSTANTS IN THE VAPOUR PRESSURE EQUATION 
Loc,,p = -(A/T) + B FOR POTASSIUM CHLORIDE 


forts ote] 4 | 8 


Reference 


855—1024 
711—870 
847—936 
847—936 


Other data have been fitted to the equations 


LOR EP rm 1 2229/1 3 log? fT / 1000YF 11-3417 
andalopiop fa 1148/97 T =2lop. (1000/7) *+ 11-006. © 


The respective heats of sublimation over the ranges quoted in Table II are 
50-2°* and 51-8kg.-cal./mole,’° whilst values of the heat of vaporisation cal cul- 
ated to 0°K. are 54-43 + 0-5° and 52-0 + 0-9kg.-cal./mole.’* The volatility 
of potassium chloride at high temperatures in streams of air, water vapour, 
ammonia, and hydrogen chloride has been determined.”® 

The thermal conductivity of potassium chloride shows a maximum at 
10°K.7* At 81-8°, 14-62%, 428° and 1-92°K., the corresponding vaiues are 
2-73, 0-490, 0-360, and 1-67 w*.”* The thermal conductivity of the salt at 
temperatures between 2° and 5°K, has been discussed on theoretical grounds.’~”® 

The dielectric constants of powdered and crystalline potassium chloride 
in vacuo or in air,’*°° and in certain binary mixtures of mutually soluble 
liquids in which the salt is inert and insoluble,*~*®? have been investigated. 
For dispersions in benzene and nitrobenzene,*® and in toluene and chloro- 
benzene, *’ the proportions of the respective components of the mixtures may 
be so adjusted that when the system exhibits dielectric homogeneity, the 
value of the dielectric constant may be deduced directly from that of the liquid 
phase. Values of 4-74 and 4-73, respectively, have been obtained. The 
dielectric constant of powdered potassium chloride measured in air or in vacuo 
4-08 + 0-01 at 20°C, A = 100m.,** 4-54 at 19%., A = 1800 m.,*? 4-76;7° in 
benzene, 4-94 at 19°C., A = ca.350m.;°* in chlorobenzene, 4-80 at 80°C.; and 
in chloroform, 4-64 at 29-5°C., A = 310m.’ A linear relationship exists over a 
limited range between the bulk density of powdered potassium chloride and 
its dielectric constant.** The relationship between the dielectric constants 
of powdered and crystalline potassium chloride has been discussed.*”°* The 
dielectric constant of potassium chloride as calculated from that of the powd- 
ered salt is 5-13.° The effect of increasing the pressure is to decrease the 
dielectric constant. Measurements made over a pressure range 0 to 8000 bar 
at 1000 c.p.s. and at roomtemperature, show (dln €/dp)p = -1-05 + 0-08 x 10°°/ 
bar.°* A theoretical study of this phenomenon has been made.** Abnormal 
values of the constant and of the loss angle in the region of 3Mc./sec. have 
been studied.*° Dielectric breakdown in single crystals of the pure salt?°*” 
has been discussed in the light of theories concerned with the abundance, in 
the crystals, of electrons at various energy levels, and with other processes. 
The dielectric strength can be expressed in terms of static and optical di- 
electric constants and the energy of the optical frequency of lattice vibration.'** 
The effects of temperature and of potentials producing direct, alternating, 
or pulsed breakdown currents’’ have been treated in semi-quantititive terms. 
The ease, hitherto unsuspected, with which crystals of pure potassium chloride 
acquire structural defects through plastic deformation, and the etfect ot such 
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dislocations on dielectric strength, have prompted the view that values of 
this property for the alkali metal halides, as published prior to 1953, may be 
as much as 50% too high.** It is probable that a trustworthy value is 1+ 1MV./ 
cm., since this, obtained in 1954, fits smoothly into an orderly gradation of 
values obtained for eleven other alkali metal halides.*°? This value is in 
fair agreement with those of 1-25 and 1:0Mv/cm. obtained by A. von Hippel 
in the case of natural and prepared crystals, respectively.*°* Electron ava- 
lanche distributions have been studied for temperatures between 55°C. and 
210°C. At the lower end of this range, breakdown is initiated by a relatively 
small number of high-energy electrons, whilst towards the upper end, electrons 
of lower energy occur in such abundance as to exercise predominance of 
controle J ie 

The electrical conductivity of potassium chloride as single crystals, 
of thin filmsdeposited by vacuum evaporation,*** of pellets prepared by plastic 
deformation,*°’,*%»**?, and of powders obtained by grinding the salt in vacuo 
and in air,"** has been investigated at different temperatures, *°*°%,*** poten- 
tial gradients,*s*' and humidities,'!? and the results discussed in terms of 
various theories relating to electronic processes in ionic crystals. Between 
-180°C. and the melting point, the conductivity and its temperature coefficient 
follow Ohm’s law and the van’t Hoff equation, respectively, but with high 
potential gradients the conductivity increases with field strength. ""° For 
flat crystal plates of the salt under potential stresses of 0:05to 0:09 KV./cm., 
the specific conductivity rises exponentially with temperature from 10-*’ 
mhos at 25°C. to about 10°° at 600°C., with an abrupt rate of increase in the 
200°—250°C. range. At room temperatures the current decays exponentially 
with time, but towards 600°C, it remains almost constant.'°® The conductivity 
of the salt on heating passes through a maximum, then a minimum, and then 
rises exponentially, becoming large at 420°C. On re-heating, the maximum 
disappears almost completely. The relation between current, 7, and the volt- 
age, V, at low temperatures is given by the equation i = kv¥2, i being a 
constant. At high temperatures the relation is linear.“* The heats of lib- 
eration for crystal and pellet forms of the salt, as calculated from temperature- 
conductivity measurements, are 32-1 x 10 “4. and 30-3 x 10°** ergs per ion, 
respectively, at high temperatures. Corresponding values at lower tempera- 
tures are about 50% lower, namely, 15 x 107** and 14-7 x 10°**; thus, both 
ions contribute to conductivity at high temperatures, whilst as the temperature 
is decreased only the positive ion is involved.*°’ Supporting this observation 
is the fact that the transport numbers at 435°C. and 600°C. are, for the anion, 
0-081 and 0-044, and for the cation, 0-956 and 0-883, respectively.” The 
statement that the specific conductivity of pellets of the salt exceeds that for 
the crystal is open to question, since the errors in the investigation were 
+ 8%,'°° The increase in conductivity of potassium chloride observed during 
plastic deformation is attributed to the liberation of electrons in the vicinity 
of slip planes in the crystal.4“? | Anomalies in conductivity and dielectric 
data for the powdered salt, as prepared by grinding, are caused by adsorption 
of atmospheric moisture.“** Films of potassium chloride deposited by vacuum 
evaporation undergo crystalline transformation after heat treatment, whereupon 
the conductivity decreases to a value between 0-land0-01 times that observed 
for freshly prepared specimens.*** As part of a general study of ionic crystal 
dielectrics, the relation between conductivtiy and dielectric loss at 650Mc./ 
sec. has been studied for potassium chloride. An increase in temperature from 
about 20°to 220°C. venir in a several hundredfold increase in conductivity, 
but no significant change in the value of tan™ 0.0027 is observed for the diel- 
ectric loss angle. On the basis of these phenomena, the suggestionhas been 
made that in homogeneous dielectrics of simple lareiee structure, 2s typified 
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by potassium chloride, those electrons that are nearly free determine the di- 
electric loss, whilst electrical conductivity, on the other hand, depends on 
those that are nearly bound.“® Exposure to sunlight does not affect the 
conductivity of the potassium chloride crystal, and the effect of X-rays alone 
is but slight. The combined effect, however, especially for ultra-violet 
radiation, is to cause a 40,000-fold increase in conductivity.*”” 

The self diffusion of potassium’” and sodium’ ions in potassium chloride 
single crystals has been measured using radioactive isotopes. The mob- 
ilities of copper and gold ions are greater in crystals of potassium chloride 
than in sodium chloride. In potassium chloride the ionic mobility (u), of the 
copperl! ions is greater than that of the gold!ll ions. (logeuay = log, 133-6 
- 15,000/T, logeucu = log. .645 - 15,200/T).***¢ 

At 18°C, and 25°C. the refractive indices of crystalline potassium chloride 
are 1-4904 and 1.4897, respectively, and the molecular refractivity at the 
latter temperature is 10-83.*** The reflexion of electron beams from potassium 
chloride surfaces has been investigated.’”* The reflecting power for electrons 
of the face of a potassium chloride crystal is at a minimum for electron en- 
ergies which correspond to the limits of optical transparency.’ Trans- 
mission curves for potassium chloride heat-treated at 100°, 2U0°, and 750°C., 
and containing 0°01% of lead chloride, are reported.‘* Potassium chloride 
crystals exhibit double refraction when stressed.**° 

The effects of time and pressure on the plastic flow of single crystals 
and of a crystalline aggregate have been followed by optical. and A-ray measure- 
ments.’*’ A study ofthe flow of potassium chloride under pressure at 5°—RU°C. 
has revealed that phase conversion takes place at about 20°—25°C. At 5°C., 
conversions also occur at pressures of 3700 and 6460kg./sq.cm., respect- 
ively, these phenomena having been confirmed by measurements of the coef- 
ficient of compressibility and relaxation of stress. The curves of pressure 
versus flow, as obtained in this investigation, differ, however, from those 
reported by earlier workers.'** The use of discs of potassium chloride and 
of other alkali metal halide crystals as observation windows in high pressure 
apparatus has been discussed from the viewpoint of the elastic properties and 
strengths of these substances.’ Third order elastic constants for various sub- 
stances crystallizing in cubic form, including potassium chloride, have been 
calculated.**° The potassium chloride lattice is reported to undergo no 
change in structure at pressures up to 14,000kg./sq.cm.,*** but experiments 
up to 50,000kg./sq.cm. suggest that the salt assumes the caesium chloride 
type of configuration at 20,000kg./sq.cm.*** Values for the elastic properties 
of the salt, as derived on theoretical grounds, are in fair agreement with those 
obtained experimentally.***,*** The principal adiabatic and isothermal elastic 
constants of potassium chloride have been determined from 80° to 280°K.,*** 
and at other temperatures,**® and the variation of compressibility with temp- 
erature and pressure has been studied at 30°C. and 75°C. upto 12,000 kg./sq. 
cm.**’ A vibration method has been employed for determining the hardness of 
the crystal,*** and an expression derived whereby the compressibility of the 
crystal has been correlated with the absorption frequency.**® The elastic 
properties of polycrystalline aggregates of potassium chloride formed by com- 
pression of the powdered substance at 60,0001b./sq.in. have been compared 
with those of the monocrystalline variety.“*° The modulus of compression 
has been calculated from the polarisation coefficient for a static and an alter- 
Mating field.***,**2 The average internal pressure in potassium chloride is 
calculated as 65,000kg./sq.cm.*** The resistance of powdered potassium 
chloride to compression by both static and impact loads, is described.*** 
Because the ratio of Young’s modulus in the [100] to [111] planes is very much 
greater than that for sodium chloride, potassium chloride is a convenient sub- 
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stance for the study of gliding mechanism in crystals.*** 

The heat of wetting of powdered potassium chloride by carbon tetrachloride 
is 0-055 g.-cal./g. for a sample passing a sieve 900 mesh/sq. cm.; for a finer 
powder passing a sieve 3600 mesh/sq. cm. the value is 0-063g.-cal./g.**° The 
ratio of the surface energies of two crystals can be calculated from measure- 
ments of the amount of material abraded, when, for example, silicon carbide, 
as an abrasive powder, is placed between the [100] faces of the two crystals 
and they are then moved relatively to one another. 

Data for potassium chloride with other alkali halides are in agreement 
with surface energy data obtained from other sources.**” The adsorption of 
argon, krypton, and carbon dioxide by finely powdered potassium chloride has 
been measured at various temperatures and the heats of adsorption are cal- 
culated as 1900, 2400, and 6200 g.-cal., respectively.” The adsorption of 
argon and nitrogen at —195-8°C. and -183°C,; of carbon dioxide and oxygen 
at ~183°C.; of carbon dioxide at —78°C.; and of n-butane and sulphur dioxide 
at O°C., on powdered crystals of the salt has been measured.’ Argon, at 
-188-5°C. to -185°C., does not absorb as thick films onto the surface of 
potassium chloride.*®* Adsorption of argon on the [111] plane of octahedral 
crystals, in which there exist two different arrays of ions, has been invest- 
igated,*°*)*°* Theoretically predicted differences between adsorption of the 
gas on the [100] and (iil planes have been confirmed experimentally.*** It 
appears by comparison with other published data that about 80% of the surtace 
of a sample of powdered potassium chloride studied was composed of [100] 
faces.*°* Adsorption isotherms at -—183°C. for ethane on potassium chloride 
show first order phase changes at pressures of 4-5 x 10°°mm.Hg.*** The 
heat of adsorption of argon, oxygen, and nitrogen on potassium chloride crystals 
at 69°-87°K. is 1860, 1750, and 1400 g.-cal./mole, respectively.*°*° The 
energy of adsorption can be calculated successfully for nitrogen molecules 
which are regarded as having an electrical quadruple interaction with the 
surface of the crystal.°’ The adsorption of air by previously heated specimens 
of the salt has been studied.**® 

The molar diamagnetic susceptibility of potassium chloride is —39-1 x 
10783499) 38.8 x 107? at: °20-2°C, 09 36.154 0-36 (U1 8303 See ee 
-39.0 2025 x 12554 

The occurrence of coloured crystals of the alkali halides in nature is 
well known. This is one aspect ofthe phosphorescence ofalkali halide crystals 
which has been the subject of much investigation, particularly within the 
past twenty years. There have been many notable contributions to knowledge: 
in this field, whichis expanding rapidly. Ithas been well reviewed by F, Seitz 
in two papers, one in 1946'** the other in 1954,*°° Interest in these particular 
phosphors centres largely on their very great utility in apparatus for the 
detection and measurement of radiation. The coloration is associated with 
colour centres (so-called "F" centres) which arise from an excess of alkali 
metal in the crystal lattice, this being equivalent to free electrons in the 
lattice. This type of lattice defect can be produced by X-rays,*°° y rays,*°° or 
electrons’®’ impinging on the crystal, or by direct incorporation of alkali 
metal.*°* (see also page 2526). 

For potassium chloride, a large amount of information exists, much of it 
referring to crystals containing a small amount of an ‘impurity’. Thallium 
is a particularly favourable 'impurity', producing when~1% is present a crystal 
which can be excited by ultra-violet light to give an intense ultra-violet and. 
blue emission having a long period of duration. Other heavy metal ions, 
such as lead or copper, show similar effects. Potassium chloride which has 
been ground finely is more rapidly coloured by X-rays than precipitated potas- 
sium chloride.*’ The number of defects (colour centres) in a pure crystal 
of potassium chloride can be as great as 10*’per c.c. A density difference 
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between coloured and pure crystalline potassium chloride is detectable.’ 
The magnetic susceptibility of the colour centres is temperature-independent 
at room temperature and temperature-dependent at the temperature of liquid 
helium.*”® Paramagnetic resonance absorption is observed at room ‘temp- 
at 9:0 x 10°c./sec. in potassium chloride containing an excess of potas- 
sium.’’* Electronic photoconduction is associated with the existence of 
"F centres" in the crystals.’7*,*°° The mobility of the electron centres has 
been treated theoretically and also measured experimentally.’’* The thermal 
conductivity of crystals of potassium chloride containing 5 x 10** colour 
centres per c.c. is less, by a few %, than that of a pure single crystal.'’* The 
dielectric properties of coloured crystals are reported.*”° 

Centres can be destroyed by raising the temperature of the crystals,*’® or 
by irradiation with polarised light.*” 


Liquid State. 

The melting point of potassium chloride has been taken as a standard 
temperature (770-3 + 0-5°C.),*”” The density over the range 800 —880°C. is 
given by the expression p = 1-535 — 0-00056 (t - 768) g./c.c.*”* The elec- 
trical conductivity of molten potassium chloride, (cf. Mellor, II, 550), has been 
re-measured as 2-65ohm™ cm. at 1000°C.;*”? at 800°C., 2-19; at 850°C., 
2-30; at 900°C., 2-40; and at 930°C., 2-47 ohm~* cm.~* *°° The activation 
energy for conduction is 3-32kg.-cal./mole.*” 

Data on the electrode potential of various metals in molten potassium 
chloride have been collected and reviewed.*** The decomposition potential 
of molten potassium chloride, using carbon electrodes, is 3-22 V. at 800°C. 
and 3-00V.at 925°C,*** A distinction has. been drawn between the decomp- 
osition potential of 2-8V. at 800°C.*** and the equilibrium reaction potential 
of 3-37V. at 800°C.*** During the electrolysis with carbon electrodes, under 
certain conditions a disturbance occurs at the anode when the electrolyte 
appears not to wet it, and a sudden drop in current density occurs. This is 
referred to as the ' anode effect’ .°°,7* 

The vapour pressure of molten potassium chloride over the range 906°— 
1105°C. is given by the equation: 


log Diet —Q115// + 83525, 
OG Log Dit 40, 00/405 / 16, +5-.2493°°* 


The vapour pressure at 801°C, is reported as 1-54mm.; at 948°C., 8-33mm.; 
at 1044°C., 24-1mm.; and at 1500°C., 760mm.*° The latent heat of vapor- 
isation is 41.66,*** 38.49,*®° 30.8'°kg.-cal./mole. The boiling point at atmos- 
pheric pressure is 1411°C.*?* 


Melt Systems of Potassium Chloride. 

Since the publication of Mellor, H, information has been published on 
many systems of potassium chloride with other compounds (excluding aqueous 
systems) as indicated in the following Tables III, IV, V, VI, VU, and VIII 
and in the accompanying text. 

Sodium chloride forms a continuous series of solid solutions with potassium 
chloride, unstable below 500°C. The freezing point minimum nas been variously 
given as 650°C.,7% 658°C., 7 and 661°C.*°* At this minimum, the components 
are present in equimolecular proportions,”*»*°° or nearly so.*°* Homogeneity 
of the solid solutions has been demonstrated by the fact that while crystals 
of sodium and potassium chlorides are coloured yellow and reddish-violet, 
respectively, by exposure to cathode rays, the colour of the mixed crystals 
is uniformly intermediate between those of the component salts.*°’ Solid 
solution single crystals of the two salts break up into their components on 
exposure to air, or on heating between 170°C, and 430°C. The lattices of the 
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TABLE II.- BINARY SYSTEMS CONTAINING POTASSIUM CHLORIDE 
(ALL COMPOSITIONS REFER TO MOLE% POTASSIUM CHLORIDE UNLESS 
OTHERWISE INDICATED) 


[aaten | rns Cen cere 


ECI—LiCl Liquidus and solidus curves over whole range 

Eutectic at 352°C., 43mole% 

Eutectic at 361°C., 58 mole% 

Eutectic at 354°C., 41-7mole% 

Electrical conductivity 290°—350°C, 

Electrical conductivity and molar volume 

Electrical conductivity and coefficient of 

internal friction 

Surface tension in air 118 dynes/cm. at 427°C., 

| interfacial tension with bismuth metal over 

| range 370°—480°C., 240 dynes/cm. and independent 

of temperature 

- Polarography with platinum microelectrodes 

' Phase diagram 

Cryoscopic study 

Eutectic at 653°C., 81mole% 

Eutectic at 582°C., 5 solid phases and 3 series 

of mixed crystals recognised from cooling 

| curve data 

Eutectic at 630°C., 82 mole% 

Activities of components derived from 

| phase diagram 

| Establishment of equilibrium, X-ray powder 
patterns 


KCI-LioH 
KC1—LiNO, 
KCl—NaF 


resulting crystallites are oriented parallel to the original crystal lattice.*°* 
“0° The kinetics of segregation in solid solution of sodium and potassium 
chlorides has been followed by optical measurements, the activation energy 
for thermal rearrangements between the potassium and sodium ions being 
22-0kg.-cal./mole.*° The heat evolved in the 'ageing' of KCI—NaCl solid 
solutions has been measured directly, values varying from 920 to 1070 g.-cal./ 
mole. The decomposition has been studied in relation to the thermal history ot 
the samples. Simultaneously active relaxation and nucleation processes | 
appear to characterise the breakdown.** A bibliography of 70 references is 
available.*** The heat of formation of the solid solution has been calcul- 
ated.*4*748 The homogeneous solid solution is also reported to decompose 
into two partially miscible solutions with an upper consolute temperature of 
490 + 5°C. at 33mole% of potassium chloride. The experimental molar heat 
of formation is given in terms of the mole fraction.7** Recent precision cal- 
orimetry has given the heats of formation at 25°C. in g.-cal./mole as 402 + 2, 
858 + 2, 1046 + 6, 877 + 2, and 464 + 3, for 0-900, 0-700, 0-500, 0-300, and 
0-100 mole% respectively of potassium chloride. The data have been ex- 
tended to measurements of densities and lattice spacings and the percentage 
of Schottky defects is calculated as 0-09, 0-49, 0-82, 1-14, and 0-20, res- 
pectively.“° The vapour pressure at 1180°C., of a molten mixture of potas- 
sium and sodium chlorides, has been measured.*® The mixture behaves as 
an ideal solution, obeying Raoult’s Law.”*”7 The specific conductivity of a 
melt containing potassium and sodium chlorides has been measured.** Ina 
molten equimolecular mixture of potassium and sodium chlorides at 700°C., 
the discharge potentials of the following ions areintheorder: hydroxide, nit- 
rate, sulphide, sulphate, chloride.”*® The dielectric loss angle for potassium 
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chloride containing 8% and 50% of sodium chloride has been measured at 3Mc.?”° 
The growth of large single crystals is described.*** The equilibrium between 
potassium and sodium metals alone and in the form of lead alloys, with mix 
tures of potassium and sodium chlorides at 800°C. and 900°C. has been stu- 
died. For a given mixture, the ratio of sodium to potassium in the solid 
phase was found to be constant. The equilibrium in the fused salt follows 
the law of mass action.*** The magnetic susceptibilities of mixtures of pot- 
assium and sodium chlorides pass through a maximum at 50 mole%.7774 


TABLE IV.-BINARY SYSTEMS CONTAINING POTASSIUM CHLORIDE (CONTINUED) 


(ALL COMPOSITIONS REFER TO MOLE% POTASSIUM CHLORIDE UNLESS 
OTHERWISE INDICATED) 


Remarks | Reference | 

KCl—NaBr Vapour pressure of system over a limited Pi Wf 

range of temperature 

Equilibrium constant = 1-75 at 769°C. 223 

Establishment of equilibrium below m.p. of 204 6 

solids. X-ray powder pattern reported 

Eqilivrium constant = 1-62 at 777°C. 223 

One triple eutectic at 504°C., 16-5mole%, 224 

KI 46-5mole%, NaCl 37mole% 

Electrical conductivity and densities, the IPAS: 


phase diagram indicates the existence of 
intermediate phases 


Vapour pressure of system 226 
KCl—NaNO, Establishment of equilidrium 2046 
KCl—Na,SO, Phase diagram _ 206 
Cryoscopic study 227 
KCl—Na tungstate | Phase diagram 228 
KCI-KF__| Butectic at 606°C. and 55mole% 229 


In the jeanrnnete binary system KCI—KBr, the Palas point curves 
resemble Roozeboom’s curves for the aqueous Bpictibttion ofne two salts,” 
and it has been shown from a study of the approximate phase diagram, as 
determined theoretically, that a gap in miscibility occurs at room tempera- 
ture.7** The heat of formation of annealed SOmole% potassium chloride cry- 
stals diminishes slowly with time, from a maximum value of 263 g.-cal./mole, 
to 231—234g.-cal./mole in six to ten months.”*? Annealing for 120hr. at 
680°C. produces a specimen with the high heat of formation.2*?. This vari- 
ation of heat of formation has been thoroughly studied both experimentally 
and theoretically. 234-24 Vapour pressure measurements at 1250°C. show the 
molten mixtures to be ideal solutions obeying Raoult’s Law.7*7 Other data 
based, however, on only four compositions at 590°C., show deviations from 
Raoult’ s Law.*** X-Ray diagrams of the solid solution show that Vegard’s 
Additivity Law holds within experimental error.%*°-*5 Potassium chloride 
and bromide rubbed together show by the broadening of the X-ray powder 
lines that mixed crystals have been formed.*° The ionic conductivity shows 
a maximum at 30mole% of potassium chloride for a constant temperature, 
corresponding with a minimum in the melting point curve.**” The dielectric 
breakdown of mixed crystals of potassium “chloride and bromide has been 
considered theoretically and compared with experimental data.“* The surface 
tension of this system has been reported.”* The magnetic susceptibility ot mix 
tures of potassium chloride and bromide passes through a maximum at 70 
mole%, 222a 

With rubidium chloride, potassium chloride yields a continuous series of 
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TABLE V.-BINARY SYSTEMS CONTAINING POTASSIUM CHLORIDE (CONTINUED) 
(ALL COMPOSITIONS REFER TO MOLE% POTASSIUM CHLORIDE UNLESS 
OTHERWISE INDICATED) 


Sef AL Less de a Ne el eT 
System Remarks Reference 


KCI—KI Melting point diagram 224 
Partial pressures and activities of the single 216 
components determined 

KCI—KOH Two incongruently melting compounds, : 193 
2KOH,KCl and KOH,KCl 

KCI—KNO, Deviations from ideality explained by solvation 25C 

KCl—K,SO Eutectic, 690°C. and 58 mole% 206 

KCI-—ECNS Eutectic, 170°2°C., 2-45 by weight% KCL 208 

KCI—KCNS Suggestion of existence of metastable eutectic Dos 


mixed crystals, both from the liquidus state***:?** and by crystallisation from 


aqueous solution.**° A melting point minimum is observed at 715°C. with 
40 mole% potassium chloride.*** The densities of the mixed crystals are re- 
corded.*** The heats of formation of KCI—RbCl solid solutions have been 
calculated, 7**,7**:?*4 and shown to compare satisfactorily with the experiment- 
ally determined value of. 203g.-cal./mole (50 mole% of potassium chloride).*° 
The dielectric breakdown of mixed crystals of potassium and rubidium chlor- 
ides has been considered theoretically and compared with experimental 


data. **® 
TABLE VI.-BINARY SYSTEMS CONTAINING POTASSIUM CHLORIDE (CONTINUED) 


Remarks | Reference 


KCI-RbBr Abfractive index study of system 
| Refractive index measurements show only one 
solid solution present 


Reaction of KCl and RoBr at 400°-600°C. 
ECI—NH,Cl | X-Ray powder photographs of mixed crystals 
studied oy thermal decomposition 
Disverse nature of mixed crystals studied oy 
thermal decomposition 
KCI—NH,NO, | Phase diagram 
_Phase diagram 


The effect of adding relatively small amounts of alkaline earth ions to 
potassium chloride crystals has been studied experimentally*®* and theoreti- 
cally.*°* The bivalent ions remain dispersed throughout the potassium chloride 
when the crystal is quenched to room temperature from elevated temperatures. 
The ions are not mobile until about 200°C. is reached.*®* 

Considerable interest attaches to the KCI—MgCl, system and related systems 
because of the possibility of their application to the production of magnesium 
metal, The phase diagram, obtained by microscopical and X-ray examination, 
is reported as showing an unstable phase between 37.2% and 41-2% of mag- 
nesium chloride, which partially decomposes, exothermically, at 425°C. to 
form potassium chloride and KCI,MgCl,.*** The electrical conductivity iso- 
therms over the range 600°-800°C. show a discontinuity between 27 and 37 
mole% of magnesium chloride, whilst the temperature coefficients show a 
maximum at 33-34%. This suggests the existence of 2KCI,MgCl, as a pos- 
sible compound in the system. Densities and electrical conductivities 
for the molten phase in the system up to 1000°C. are reported.**>**’ Trans- 
port number measurements have shown that as the composition changes to 
higher potassium chloride contents, up to a limit of 2KCI1,MgCl,, the trans- 
port number of the magnesium falls.7°* Evidence for the compound 2KCI,MgCl, 
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is obtained from measurements of the internal friction in melts containing 
potassium and magnesium chlorides.*° The solubility of magnesium metal 
in a mixture of magnesium and potassium chlorides at 800°—1300°C. is small 
compared with its solubility in pure molten magnesium chloride.?”° 


TASLE VII.-BINARY SYSTEMS CONTAINING POTASSIUM CHLORIDE (CONTINUED) 
(ALL COMPOSITIONS RSFER TO MOLE% POTASSIUM CHLORIDE UNLESS 
OTHERWISE INDICATED) 


<Cl—MgSO, Langbeinite, K,SO,,2MgSO,, identified in solid Zi 
phase 
KCl—CaCL Density measurements, 600°—900°C., over the whole oie 
range of composition 
Two eutectics at 608°C. and 17-5mole%, and 590°C, 205 
and 60 mole%, respectively, and maximum in 
melting point curve corresponding to 
OC aCaClaw iD boo: Cx 
Temverature-composition diagram Zo 
Change in density of KCl crystals on adding Ca 274 
ions up to ionic ratio of 2.5 x 107 
Concentration of thermodynamic vacancies obtained 215 
Dy measurement of conductivity of solid 
KCl—CaSO, Temperature composition diagram 273 
Temperature composition diagram 276 
KCl—SrCl, Distrioution of SrCl, between solid and liquid 277 
ECl 
Change in density of KCl crystals on adding Sr 274 
ions up to ionic ratio 2-5 x 10% 
Concentration of thermodynamic vacancies obtained 275 
yy measurement of conductivity of solid 
KCl—BaF, Eutectic at 739°C. and 86 mole% 229 
| Eutectics at 575°, 616°, 625°, and 728°C, 278 
KCl—3aCl, Compound 2KCl,3aCl,, m.p. 660°C, 229 
Eutectic at 645°C. and 57-25 mole%, transform- 195 
ation point at 656°C, corresponding to 3KCl,BaCl, 
Densities and molal volumes over the whole range 2719 
of composition at 800°C, . 
Surface tensions and their temperature coefficients 280 
Concentration of thermodynamic vacancies obtained 275 
py measurement of conductivity of solid 
Equilioria between fused alloy containing Ba 28 1 


metal and melt | 
KCl—Ba(NO,), | Two double salts, KNO,, KCl and 2F-Cl,CaCl,, found 28 2 | 


KCl—Batitanate | Solubility of Ba titanate <0.1% 283 

KCl—CeCl, Temperature-composition diagrams 284 

KCI—-K, TiF, Kutectic at 640°C. and 43 mole% 285 

KCl—Z2rCl, Phase diagram applied to preparation of high 286 
purity ZrCl, 

KCl—MnCl, Douvle salts ovserved 287 

Preparation of K,MnCl, and Cl(Pb + Mn) phosphors 288 

KCl—CoSO, 3Eutectics and 5 transformation points 289 

2 compounds indicated, langbeinite and an un- 276 


stable double sulphate of K and Co 


continued on following page 


Refs. p. 1716 


1678 POTASSIUM Slel 


TABLE VII.-CONTINUED 


System Remarks 


KCl—CuCl | Electrical conductivity studied 
<Cl—AgCl | Temperature coefficient of hardness determined 
Viscosity and electrical conductivity in melt 
Dielectric Dreakdown in mixed crystals 
(0-094 mole% AgCl) 
Anomalous dielectric dispersion in crystals 
containing 0-1% AgCl 
KCl—AgBr | Eutectic at 318°C. and 23-5mole%; reciprocal 
system KAg||Cl5r studied 
Hquiliorium constant for stable salt pair at 
705°C, is 2.08 
Establishment of equilidvrium 
KCl—AgNO,| Cryoscopic studies show deviation from ideal 
vehaviour of KCl dissolved in AgNO, 
KCl]—AglI Phase diagram 
Equilibrium constants for stavle salt pair at 
698° and 752°C, are 2-89 and 2-08, respectively 
KCl—ZnCl, | Density measurements 350°—500°C, over the whole 
range of composition 
KCl—ZnSO, | Heat capacities of salt KCl, ZnSO, in range 
500°—800°K. 
Densities in system 475°—550°C, 
Polarographic study of 2KCl,ZnSO, at 375°C. 
ECl—CdCl, | Density of mixtures containing 80,60,40, and 
20 mole% F-Cl 
Surface tension of mixture containing 68 mole% 
KCl over temperature range 600°—750°C., interfac- 
ial tension of molten Cd and KCI—CdCl, melt 
measured 
Electrical conductivity shows a maximum 
at 33mole%, minimum at 50 mole% 
Viscosity and electrical conductivity 
isotherms 
Surface tension isotherms 
ECl—HgCl, | Phase diagram 
KCI—PoCl, | Viscosity isotherms and electrical conductivity 
Surface tension isotherms 
Transport number measured 
Anomalous dielectric dispersion in crystals 
containing 0-1% PdCl, 
e.m.f. of cells using system as electrolyte 
Activity data and decomposition potential 
E-C1—PpSO, | Agglomeration of equal amounts of powder 
EKCI—AICI1, | Eutectic 133°C, and 34mole% 
Relationship between density and composition 
irregular 
Decomposition potentials of various metal 
chlorides in KCI—AI1Cl, system as solvent 
F.CI—AlBr, | Complexes, KCl, AL5r, m.p. 83-5°C., and KCl, Al Br, 
msD. LEIS, 
Large increase in conductivity on dissolving 
KCl in AlBr, 


continued on following page 
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TABLE VII.-CONTINUED 


ema eemarks ee a] : Remarks ie 


Cryoscopic data 
Anomalous dielectric dispersion in crystals 
containing 0-1% T1Cl 

System described 

Solubility of KCl determined, at 450°—470°C, and 
2>4—5-9 by wt.-%ZKCl there are two liquid phases 
Electrica] conductivity, a maximum found in 
plot of conductivity against viscosity 

Electrical conductivity at 98-5°C, 

Viscosity linear from 0-009 to 0-5N. at 100°C. 
Freezing point curve 


TABLE VIII.-POLYCOMPONENT SYSTEMS CONTAINING POTASSIUM CHLORIDE 
(ALL COMPOSITIONS REFER TO MOLE% POTASSIUM CHLORIDE UNLESS 
OTHERWISE INDICATED) 


KCl—cryolite 
KCl1—TI1Cl 


Reference 


KCI—T1,S0, 
KCl—SbCl, 


KCl—acetamide 


System Remarks 


Reference 


_* 


KCI—LiCl—NaCl Eutectic at KCl 37mole%, LiCl 51.5%, 194 
NaCl 11-5mole% 
KCl—LiCl—RbdCl Phase diagram 253 
Reciprocal system Phase diagram 316 
K Li|| Cl SO, tungstate 
Reciprocal system Phase diagram 317 
K Na|| Cl Br I 
Reciprocal system Phase diagram 318 
K Na|| F Cl BrI 
KCI-KF—K, Cro, Phase diagram 319 
KCI—KNO,—K,SO, Eutectic at 318°C. containing 1, 16-7, 320 
and 82-25% K,SO,, KCl, and KNO,, res- 
pectively 
KCI—KC10,—KC10, Phase diagram constructed, kinetic stud- 321 
ies on the decomposition of KC1O, 
KCl—NaCl—MgCl, Phase diagram 322 


Phase diagram (650° and 100°C.) 
Phase diagram, 3 ternary eutectics 
Phase diagram 

Densities and surface tensions 
Electrical conductance 
Decomposition potentials 

Phase diagram 


KCl—NaCl—MgCl,—CaCl, 


Reciprocal system 
K Na Mg|| Cl SO, 
Phase diagram 

No ternary compounds formed 

Two ternary eutectics, (a) at 495°C., 
5% KCl, 25% NaCl, 70% CaCl,, (b) at 
530°C., 50% KCl, 20% NaCl, 30% CaCcl, 
No compounds containing KCl formed 
Phase diagram 

Phase diagram 

Phase diagram 


KCl—NaCl—CaCl, 


KClI—NaCl-—SrCl, 
KCl—MgCl,—CaCl, 
KCI—MgCl,—3aCl, 
Reciprocal system 
K Na Ca|| Cl F 
KCl—NaCl—CeCl, 
KCl—NaCl—k, TiF, 


Phase diagram 
Eutectic at 710°C. containing 65% K,TiF, 
continued on following page 
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TADLE VIII.-CONTINUED 


System 


KCl—LiCl—TiCl, 
¥.Cl—CuCl—CuCl, 


Remarks 


Electrolyte for production of Ti metal 
Phase diagram and equilibrium chlorine 
pressure measured 

Phase diagram 


Reciprocal system 
K Na Zn|| Cl SO, 
| KC1—CdCl,—PoCl, Electrical conductivity measured and 
discussed in relation to viscosity and 
existence of compounds 

Metallic Pb obtained on electrolysis 

at 500°—550°C, 

M.p. of ternary system measured, minimum 
m.p. lies below 100°C. at about 18—10 mole% 
KCl, 22—30 mole% NaCl, 58-62 mole% AIC1,. 
Ternary eutectic at 93°C. and 14mole% KCl, 
26 mole% NaCl, 60 mole% AICI, 
Electrochemical investigation 


KC]1—PvCl,—PbS 


K-.Cl—NaCl—AICl, 


RCl—AICL— 
Nitrobenzene, 
Molar refractivity 
ECl—Alsr— Cryoscopic investigation 
Nitrobenzene. 
Rel] —AiSn— 
Ethyl bromide. 
Reciprocal system 
Na K T1|| Cl NO, SO, 


Electrochemical investigation 


Phase diagram 


Aqueous Systems 
The KCI—H,0 system with a eutectic at —10.646 + 0-0025°C. has been 
suggested as a fixed point in thermometry.*** Solubility data to be found in 


Mellor, II, 540, have been considerably extended. Table IX summarises 
some of the additional data. 


TABLE IX.-SOLUBILITY OF POTASSIUM CHLORIDE IN WATER 


Temperature °C, Solubility, Reference 
g.KC1/100 g. H,0 
24-73 
25-58 
26- 46 
26- 38 
42-79 
47-57 
53-68 
90°5 
100 56-0 
110 O7-2 
120 60-5 
129 —6«dmSABB 
130 62-9 
130 62.1 
130 62.3 
131 67-2 


68-9 


continued on following page 
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TABLE [X.-CONTINUED 
Temverature °C. Solubility, Reference 
g.KCl/100 g. H,O 


The solubility of potassium chloride in super-critical water at 400°—500°C. 
and 300 atmospheres has been measured; it increases with pressure, at con- 
stant temperature, according to the equation = kp,*** where L | is the solubility 
p is the pressure, and k a constant.**? The solubility at high pressures, 
calculated at 25°C., is: 


1000 atm. 27-4g./100g. water 


2000 28-5 
3000 29-6 
4000 30.6 
5000 31.2 
6000 32.2 
7000 33.2 
3000 Be ee 
9000 35.7 
10,000 EW id ioe 


The solubility-temperature curve of potassium chloride shows inflections at 
11°C,, 22°C., and 27°C. It is suggested that these may correspond to crystal- 
line modifications which have not been observed by X-ray methods.*** The 
discontinuous change of the temperature coefficient of solubility at 21-2°C. 
has been discussed on thermodynamic grounds. **? 

The solubility of potassium chloride in deuterium oxide is rather less 
than that in water, the difference becoming less as the temperature rises. 
When the solubility is expressed in moles of solute per 55-51 moles of solvent, 
the difference at 30°C. is 7%, at 100°C. 3-6%, and at 180°C. 1-5%.°°* Table 
X shows the values at rounded temperatures expressed as moles of potassium 
chloride per 55-51moles of solvent compared with those for water.°** 

The solubility of potassium chloride decreases in the presence of hydro- 
chloric acid. At 25°C., in 10% hvdrochloric acid, the solubility is 12% by 
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TABLE X.-SOLUBILITY OF POTASSIUM CHLORIDE IN WATER AND 
DEUTERIUM OXIDE 


Temperature °C, M deuterium oxide 


weight, in 20% hydrochloric acid, 4%, *** 

The critical temperature of aqueous potassium chloride solution of mole 
fraction 0-02618 is 700-3°K.;°°° of mole fraction 0-012245, 685-36°K.; of 
0.006157, 671-26°%K.; of 0-003081, 662-06°K.; of 0-00154-1, 655-71°K.; and 
of 0-000770, 651-91°K.*°’ Equilibrium pressures of the potassium chloride- 
steam- saturated aqueous solution system have been measured between 250°C. 
and 600°C. A maximum pressure of 225 atm. was found at 565°C.*** 

The hydration number of potassium chloride, i.e. the total hvdration of 
ions, in aqueous solution has been found to be 8.6 ina 1M. solution; 10.2 
in a 0-5M. solution;*°? and 14 in a 2M. solution.*® An hydration number of 
24 is obtained by calculation from data on the ‘salting out’ of oxygen and 
argon from aqueous solution by the addition of potassium chloride.*** A 
further figure of 16-3 has been obtained from measurements of the distribution 
of butyric acid between benzene and aqueous potassium chloride.*°? Vapour 
pressure data have been applied to a study of the hydration of salts including 
potassium chloride.*°* The heat of hydration at 25°C. has been estimated 
as 159kg.-cal./mole.*° 

The X-ray pase spectrum of potassium chloride solutions has been 
observed over the concentration range 1-7/7 to 3-55M.°° The diffraction, or 
scattering effects, from potassium chloride solutions are not significantly 
different from those of water alone.**° 

In view of the importance of crystallisation from aqueous solutions in the 
isolation of potassium chloride, this aspect has received considerable atten- 
tion. Problems concerning the caking of potassium chloride on storage have 
aroused interest in the crystal habit of the resulting crystals. The tempera- 
ture of the first spontaneous crystallisation, T, and the saturation temperature, 


are connected by the expression 7,- T = 130V,,/A, where o is the speci- 


? 
s 367 


fic surface energy, V,, the molecular “volume, and A the heat of solution. 
The stability of supersaturated solutions*® and the limits of supersaturation °° 
are also related to solvent viscosity and solute concentration, although cost 
effects are small for potassium chloride. Capillary-active substances, such 
as capryl alcohol, lower the limit of supersaturation, rather surprisingly, 
dyes raise this limit.*7? Experimental data on potassium hing supersat- 
uration have been used to confirm a theoretical relationship, A = (f, - eat 
Lite Gi teehee where the supersaturation, A, has a limiting sans i 03 an 

, is the supersaturation temperature, and jie the temperature at eyes the 
solution would be saturated, k is a constant.*’* The value of the super- 
saturation of potassium Ghivride solution at 20°C., p, is 0-095, and is given 
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by the expression p = c — ¢,/Co, where cy is the solubility at which no spon- 
taneous crystallisation is observed. For the temperature range 0°—40°C., 
p = 13°48(dInc,/d7).*7? The formation and growth of crystal auclei in the 
crystallisation process have received some attention,*’*»*”* and there is 
evidence to support their existence.*”* The number of nuclei formed at 54°C., 
on cooling a solution saturated with potassium chloride, is greater when 
sodium chloride is also present than with potassium chloride alone.*”° From 
cooling curves, it appears that the rate of crystallisation depends on the 
square of the supersaturation as expressed in degrees, and is a linear function 
of the number of nuclei and of the total surface area of the seeds. The rate 
also depends on the surface form of the nuclei.*”’ The difference between 
the saturation and crystallisation temperatures when solutions are slowly 
cooled with continuous agitation has been measured, and the normal solubility 
at various temperatures has been compared with the corresponding value of the 
supersolubility limit.°’? The temperatures at which potassium chloride 
deposits from solutions saturated at 40°C.*”? and 50°C.,**° have been found 
to be a function of the rate of cooling. As part of a genera] thermodynamic 
study of the factors affecting the rate of nucleation from supersaturated sol- 
utions,*** the role of free electric charges*®*®,**? at the surfaces of nuclei has 
been discussed, with particular reference to potassium chloride. The surface 
energy of formation of crystal nuclei in such solutions has been calculated on 
the basis that spontaneous nucleation occurs at a particle size of 10°’cm.**? 
The degree of supersaturation and the rate of evaporation alone determine the 
crystal habit. Impurites, such as the chlorides of magnesium, manganese, lead 
and cadmium, and sodium carbonate and urea, act only in lowering the degree 
of supersaturation at which, in their absence, habit changes would otherwise 
occur. Such changes, including dendritic growth, are attributed to solvation 
of the surface ions of the crystal by the solvent.***°*** A bibliography of 31 
papers in this field has been published.’ 

The effect ofnumerous dyes onthe mode of growth ofpotassium chloride cry- 
stals has been investigated. **’**’ and 107 references have been listed.**” Slow 
evaporation of solutions of the salt on glass***,*** or platinum surfaces under 
controlled conditions of temperature and desiccation results in the develop- 
‘ment of [100] faces only, while above a certain critical rate of evaporation 
octahedral crystals appear.*** A solution of potassium, chloride rapidly 
evaporated at low pressure gives a mixture of cubic, linear, dendritic, and 
irregular dendritic crystals, the last two being unstable under the electron 
microscope.**® Translucent specimens have been obtained both from pure 
aqueous solutions and from those containing various impurities. From acid- 
ified solutions containing Th** (8 < 10°*g.ion/l.), large transparent cubes 
can be grown; and from solutions containing Biv’ transparent pyramidal 
crystals. With a potassium chloride solution containing lead ions at concen- 
trations exceeding 8 x 107*g.ion/l., large cubo-octahedra are formed, of which 
the [100] faces are transparent and the 1110! taces are translucent, the lack 
of transparency being due to the presence inthe crystal of a pattern of num- 
erous minute cavities filled with mother liquor.°°°"*? A higher concentration 
of lead or tin impurity (0-1 g.ion/l.) promotes the development of a transparent 
octahedral form which retains traces of ion impurities and fluoresces under 
ultra-violet radiation. Both bismuth and antimony ions induce the growth of 
semi-transparent cubic crystals of potassium chloride from aqueous solution. °° 
The octahedral and cubo-octahedral varieties are also obtained in the presence 
of lead chloride, bromide, and iodide,and ot mercuric chloride.*** Stelliform 
crystals may be grown from solutions containing bismuth ion,**° The dendritic 
variety is formed both in pure aqueous solutions and in those containing 
various impurities.*°° The seeding of supersaturated solutions of the salt 
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with insoluble binary compounds, of which the unit cell dimensions approx- 
imate to those of potassium chloride, such as the sulphide, selenide, and 
telluride of lead, and tin telluride, has been investigated by an electrical cond- 
uctivity method.: No simple relation obtains, however, between the ability 
of such substances to promote nucleation and the dimensions of their lattice 
constants in relation to those of the solute. It appears that other factors 
such as the chemical nature, the surface structure, and the particle size 
distribution of the seeds all contribute to the property in question.*°’? The 
growth of sheet and fibrous varieties of the salt from hot-filtered saturated 
solutions which are subsequently cooled slowly, is to some extent inhibited 
by agar, gelatin, and lead chloride. The fibrous form is also deposited 
slowly from solutions containing ethylene glycol, and all the additives men- 
tioned exhibit the Tyndall effect during crystallisation.*°* The formation of 
fibrous potassium chloride has been confirmed.*? Contrary statements have, 
however, been made to the effect that the tencency of the salt to form dend- 
rites on slow evaporation of its solution is increased by the presence of 
gelatin, agar, and glycerol. Furthermore, it is stated that suppression of 
dendritic growth occurs with gelatin when the chlorides of nickel and cobalt, 
or ferric chloride, are present separately in concentrations of 0-173, 0.194, 
and 0-041mole/1., respectively.*°*°? By slowly evaporating solutions of 
potassium saben in methyl alcohol, ethyl alcohol, acetone, acetophenone 
or dioxan, cubic crystals are bested: More rapid evaporation yields octa- 
hedra, except for solutions in dioxan, when the [111] face is absent. The rate 
of formation of the [111] face nas been studied in terms of the dielectric 
constant of the various solvents and of solvation effects.*°* Overgrowths 
of potassium chloride from the vapour phase and from solution onto the cleav- 
age surfaces of mica,*“-*© calcium carbonate, and sodium nitrate*®’ have 
been described and their mode of formation discussed.’ The deposition of 
films of the salt by vacuum evaporation onto cleavage surfaces of crystals 
of the chloride of lithium, sodium, and potassium, and of potassium bromide 
has also been investigated.*°* The oriented overgrowth of platinum films on 
the cube face of potassium chloride has been studied.*°° Thin vacuum-de- 
posited films of sodium chloride on potassium chloride are oriented partly 
in accordance with the mode of growth.of the base crystal and partly in the 
twin position [111] to the latter.**° Overgrowths from the vapour phase onto 
silver crystals*"! and feldspar*!*,** have been investigated. On the heat- 
activated base, monocrystal films parallel to [111] are obtained.*** Unlike the 
iodides of ammonium, potassium and rubidium, which do not orient mutually . 
with. potassium chloride, the chiorides and bromides of lithium, silver and 
rubidium, the cyanides of sodium and potassium, and also potassium fluoride, 
all form tepulat overgrowths on potassium chloride.*** The general mechanism 
ot overgrowth onto a potassium chloride base of lithium bromide; silver chlor- 
ide, sodium chloride, and rubidium iodide, has been considered theoretically 
and examined experimentally.*** The climbing growth of needle-like crystals 
of the salt from aqueous solutions has been ascribed to the action of capillary 
hollows,***!7 and to ionic effects.*7*4® The conditions affecting grain 
size during the industrial production of potassium chloride*”’ and the precip- 
itation of potassium chloride from sea-water by progressive freezing, have 
been investigated.** In this process crystallisation of the salt, together 
with magnesium chloride dodecahydrate, occurs at 40-0, no carnallite being 
formed. A method of growing large homogeneous single crystals of potassium 
chloride by carefully coatrolled cooling from the molten state** has been 
described, with reference to the preparation of crystals suitable for optical, 
photochemical and electrical measurements. A modification of the original 
technique yields potassium chloride crystals up to 15cm. across,**”” but under 
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certain conditions of cooling the salt crystallises dendritically.*7* Twinning 
of the potassium chloride crystal occurs in the presence of the chlorides of 
sodium, strontium, and lead, and of potassium chlorate.*?* The removal of ad- 
hering anions from potassium - chloride crystals follows the Hofmeister series 
in acidic and alkaline media.* 

Etching, and the rates of dissolution of selected crystal faces of potas- 
sium chloride,*?” have been investigated in detail under controlled conditions 
of solvent flow, and of agitation. The first cavities arise along those lines 
of the crystal that are characterised by the densest packing of the atoms.**° 
An expression relating K, the constant of the speed of dissolution; JD, the 
coefficient of diffusion of the solute; v, the kinematic viscosity of the sol- 
ution; /, the length (in cm.) of the side of the free surface of the crystal 
exposed to solvent action; and V, the speed of the crystal with regard to 
the solution in cm./sec., is given as Kl/v = A(Vl/v)%{v/D)P. A and 8% are 
temperature-dependent terms, and a@ is a constant based on the solubility of 
the crystal under compensating conditions, for KCl @= 0-5, B = 0-37.47” The 
rate of solution of potassium chloride in water has been expressed, simply, 
by the equation: dn/dt = KS(C - c), where dn is the amount dissolving in 
time dt; S is the free surface area of the crystal; C is the solubility; c is 
the concentration in g./c.c. in the solvent at any given time; and K isa 
velocity constant.*” The rate of solution has, also been given as equal to 
the expression: 9-790(G, i G,4)/Z, where (G, ea »4) is the loss in weight 
of a_ dissolving crystal Aline a time cntervals Zi This expression was 
derived from measurements of the rate of solution of potassium chloride 
crystals in water, and in potassiun and sodium chloride solutions, at various 
temperatures in the range 23°—90°C.*” Rates of dissolution of mineral potas- 
sium chloride in water, in aqueous solutions of calciun and magnesium chlor- 
ides, and in an aqueous mixture of sodium, potassium, and magnesium chlorides, 
have been investigated extensively. The results, which are applicable to 
the study of the extraction of potassium chloride from various saline ‘minerals, 
have been discussed on the basis of the kinetics of solution processes, and 
shown to be of a diffusion type between 9°C. and 109°C. *%° 

Pycnometric precision methods have been used to determine the densities 
of dilute aqueous potassium chloride, and values accurate to |p.p.m. are 
now available. The densities at 0°C. of 0.099271, 9-1, and 9-01M. solutions 
are 1.004840, 1.004881, and 1-00372g./c.c., tespectivelys “38 for a 1OM. 
solution it is 1-0480,¢. /c.c.**2 The data at 18°C. are shown in Table XI.‘ 


TABLE XI.- THE DENSITIES OF POTASSIUM CHLORIDE SOLUTIONS AT 18°C. 


Density g./c.c. 


1.008996 
1.001316 
1-000502 
0-999237 
0.999038 
0.998890 
0- 998808 
0.998744 


ig./1000 g. water 


There is a contraction of 12-3c.c. on the dissolution of 1g. mole of potassium 
chloride at infinite dilution at 18°C.*%* The densities of 0-1, 0-2, 0-5, 1.0, 
3-0, and 4-0M. potassium chloride solutions at 25°C. + 9. 9G ware 1.0018, 
1.0064, 1.0199, 1.0416, 1.1188, and 1-1528g./c.c.4** For0-008607, 0. 013096, 
0. 015290, 0. 156666, 0.34601 and 0-59997M. solutions at 25°C. He tenaiies 
are 0. 997436, 0. 997595, 0.997802, 1.004460, 1-912999 and 1. 024303 g. /imlst2® 


The apparent molal volume at 25°C. (of potassium chloride solution is given by 
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the expression: OKC] = 26-50 + 3.26\/m - 1.12m, where m is the molality.** 
The density of potassium chloride solution can be expressed by the equation: 
p28 = 0.997074 + 0.047896c¢ - 0.002069c'** **© where c = no. of moles per 
litre of solution. At 35°C,, the apparent molal volume, ¢, is given by the 
expression: 27-303 + 2:lce2 -5.6 x 10°?¢; and the specific gravity, S, is 
given by the expression: 1 + 4.7696 x 10-*c + 2.1 x 107%e** + 5.6 x 10°5e%, 
The equation for the specific gravity holds to within 5p.p.m. between 09-0002 
and 0-4M.**” The apparent molal volumes of 2-6914 molar (at 25°C.) aqueous 
potassium chloride at 35°, 65° 45° and 25°C., are 31-00, 31-17, 30-95, and 
30.32, respectively.*** The coefficients of apparent molal thermal expansion 
of potassium chloride solution are*” 
0.0618 c.c./mole/°C. at 25°C. and 9-99817 molal, 


0.0404 at 35°C. and 0-99476 m. 
0.0238 at 45°C. and 0.99074 m. 
0.0101 at 55°C. and 0-98620 m. 
—0.00 20 at 65°C. and 0-98118 m. 
—0.0128 at 76°C. and 0-97571 m. 


he integral heat of solution in g.- calories per mole of crystalline potas- 
sium chloride is reported as —3692 on formation of a saturated solution at 
25°C 8 437322 2 aty.20°C.: and: ~419)..+-2 at. 25°C) on*®dilucion: tos KEl 200 
H,0.*** -4690 on solution to form the eutectic mixture at —10-7°C.;*4? -4332 at 
21.0°C. on dilution to KCl,150H,0;*** and on dilution to KCl, 200H,O, -4668 
+-6-at°12-5°%C; ,*** -4196. at: 25°C. 3*** -and: ati 20°C. 4376, 4 0.1%, 80 and 4048 
+ 5.%*° The integral heat of solution of potassium chloride at 50°C. decreases 
linearly with increasing molal concentration. For a 9-138 molal solution, the 
value of AMsolution ing.-cal./mole is +3420; for a 0-521 m. solution, 3380; 
for 1-110 m., 3351; 2-216m., 3256; for 2-828m., 3249; and tor 1-744m.,3212, 
respectively. Values for d(AH)/dT, for the temperature range 12-5°-25°C., 
decrease from 42-4 for 0-0 molal to 37-2 for 0-33 molal potassium chloride. 
For the range 25°—50°C., values of potassium chloride molality and temperature 
coefficient, d(AH)/d7, respectively, are: 


m 0°055, 0°16, 0°33, [SLT 25973 4°44, 4°82. 
d(AH)/dT = 30-0, 31-2, 31°46, 30-8, 25:8, 208, 19:6. 


For the range 25°—75°C. the temperature coefficient is 31-7 in 0-16 molal 
potassium chloride. *” 


Small differences in the heat of solution between samples with different. 


thermal histories have been reported. Thus, the difference in a sample fused 
and rapidly cooled and one that has been annealed, is of the order of 0-1 g.-cal. 
/g. Similar small differences have been reported for crystals containing 0.2 
mole% of copper (II) chloride or lead (II) chloride.“° However, this small 
difference may not be significant compared with the experimental error.*°* The 
heat of solution in deuterium oxide with a D/(D+H) ratio of 0-98 is —4.809 


g.-cal./mole at 25°C., on solution of 0-366 mole of potassium chloride in 100. 


moles of deuterium oxide. The difference between the heat of solution in 
deuterium oxide and in water is 560kg.-cal.**? The integral heat of solution 
of potassium chloride in hydrochloric acid on dilution to KCl, 1000H,O incr 
eases with increasing acid concentration. ** 

_ Heats of dilution have been measured with precision.**:*°* The heats 
of dilution of potassium chloride are proportional to ionic strengths in very 
dilute solutions. The heat of dilution at various temperatures, t?, for concen- 
trations cy ro Cy, expressed in mole/litre, have been calculated from the 
equation: wu = 611(1 - 0.017£)(cy — eg) + (209 + 4.52)G/c, -Vc,).%° The heat 
of dilution at 0°C. from KC1,25H,O to KC1,50H,90 is ~752; to KC1,100H,0O, 
-1150; to KCl,200H,O, -1371; and to KCI,400H,O, -1446 Joules .*%” 
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The apparent molal heat capacity of potassium chloride solution is given 
by the expression: @¢ = ~29.0 + 11+2\/m., where m is the molality.*5* The 
specific heat over the range 15°-45°C. of aqueous solutions of molarity: 
0.1, 0.5, 0-75, 1.5, 2-0, and 2-50 is 9.9835, 0.9560, 0.9318, 0.8722, 0.8390, 
Bad 0. 8138 g Si dalz /°C. ih of solution. ** The enecitie heats Ge -cal. /o Cus. or 
solution) of potassium chloride of concentrations of 2.000, 1.000, 0°500, and 
0-100 molality, respectively, are: 


at 10°C., 0.8423, 0.9144, 0.9512, and 0.9868; 
at 20°C., 0.8439, 0.9131, 0.9526, and 0.9862, 
at 30°C., 0.8457, 09-9148, 0.9539, and 0-9856; 
at 40°C., 0.8474, 9.9166, 90-9555, and 0-9850. 


The data at 15%, 25°, and 35°C. are also given.*°° Data for 16-.9—24.8% potas- 
sium chloride over the temperature range 16°-34°C. are reported.*®* At 20°C., 
the specific heat of a solution corresponding to KCI,25H,O is given as 
953) 78;, at 50°C., 0.8377: and ar 80°C., 0-8390,** 

Information on the freezing point depression of potassium chloride solutions 
(Mellor, II, 547), has been extended by more precise data, often quoted along- 
side other thermodynamic measurements. *°* The Lewis and Randall function, 

= (1-@)/3*716m., where 0 is the depression of freezing point, and m is the 
molality, is related to the concentration by the expression: j =(0°3738/m/ 
1 + 1le7\/m) + 0.0149 m. paper nents results fit this equation well.** 
Solutions of potassium chloride have depressions as follows: 0-001m 0-00365° 
C.; 0-995m., 9-01320°C.; and 9-)1m., 9-0360°C.; the figures being in good 
agreement with data ealeataced by the Debye and Hiickel equation.*® 

Numerous precision measurements of the vapour pressure are reported, with 
results in close accord with Raoult’s Law.**° The osmotic coefficient at 
25°C., ¢, has been evaluated as(—55*5062/2M)In P/P,, where M is the molar- 
ity, P, is the vapour pressure of water, and P the vapour pressure of the 
solution. Experimental data fit this equation.*®’ Table XII gives the 
vapour pressure in mm. of mercury at 25°C., obtained by the following methods: 
dew point,*°® dynamic,*® static, ”” 7° and e.m.f. (through activity measurements 
iy from the concentration cell Ag/AgCl(s)/KCl, ¢ "/& gHe/KCL.c,/ AgCl(s) 

Ag).474 


TABLE XII.-VAPOURP RESSIRE OF POTASSIUM CHLORIDE SOLUTIONS 
AT 25°C. BY VARIOUS METHODS 


Abnormally high vapour pressures of solutions containing about 58g. of potas- 
sium chloride per 1009 g. of water have been reported,*’? but these have not 
been substantiated and it is probable that they are due to the solution being 
‘metastable'."’' The vapour pressure of a saturated solution over the temp- 
erature range 0°-25°C. is given by the expression: 


| logP = (-2995°5/T) - 6:680 log T + 0°0010241' + 27°569- 
The values calculated from this equation lie within + 0-05mm. of the experi- 
mentally observed pressures.*’* Vapour pressure data for saturated potassium 


chloride solutions over the temperature range 19-30°C.*”* and 33-6-—44-0°C,*” 
are presented in Table XIII, and over the range 55—105°C. in Table XIV. So Rromed 


measurements of the boiling point of a solution of potassium chloride tie pig 


20 g./100g. of water, thé vapour pressure at 178+9°C. is found to be 6995 mm. 
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TABLE XIII.-VAPOUR P RESSURE OF SATURATED POTASSIUM CHLORIDE 
SOLUTIONS OVER THE RANGES 19°—30°C, AND 33.6°—44-0°C, 


TABLE XIV.-VAPOUR PRESSURE OF SATURATED POTASSIUM CHLORIDE 
SOLUTIONS OVER THE RANGE 55°—105°C, 


at 188.9°C., 8642mm.; at 193-9°C., 10,643mm.; and at 208-3°C., 12,964mm.*” 
The vapour pressure of supersaturated solutions has been measured over the 
temperature range 30°-49°C. for a solution containing 325g. per 109g. of 
‘water, by the dew point method; .no: data:«are.given,: but the pressure is said 
to follow the equation: In p = —10,900/RT + 8.5701, No abrupt change in 
the vapour pressure-temperature curve occurs as the supersaturated region 
is approached.*”® The volatility of potassium chloride on evaporation, referred 
to in Mellor, II,535, has been confirmed by one worker, who finds thattherets an 
increased carrying over of salt with increase of concentration of the solu- 
tion,*?? and denied by another, who finds no volatility from a 0-1M. solution.*®° 

The compressibility of potassium chloride solutions between 30° and 
80°C., for a pressure range of 1—200 atm. is a linear function of the concentra- 
tion, as the following data show: 


% KCl 2:59.55 37, 105408 12.23 °° 17-925 22s io 
Compressibility 0-109 atm. x 10° at 30°C. 42.9, 41.2, 38-5, 37-5, 34-7, 32.8 
at 80°C. 44.0, 42.2, 39.7, 38-6, 35-8, 33.9 


An increase of pressure from 1 to 1000 bars at 25°C. on aqueous potassium 
chloride containing, respectively, 5-88, 10.91, .13-79, 16.84, 20.00, 23.22, 
and 25-529. per 100 g. water produces a daeeeese in volume per unit volume: 
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of 0-03632, 0-03422, 0.03302, 0-03167, 003039, 0-02929, and 0.02846.*8? For 
a 1% potassium chloride solution, the mean compressibility at 29-97°C. can 
be represented by the expression, ‘(p is in atmospheres): 44-25 x 10-° - 5.37 
x 10-*p; for a 2-687% solution, 43-00 x 10° - 5-00 x 10-°p; for a 5.233% 
solution, 41-83 x 10-° - 4.91 x 10-%p.** 

The relative viscosity (7), at 25°C., of solutions at various molar concen- 
trations is expressed by the equation: 7 = 1 + 0-0052/c - 0-01612c + 0.00808 
e?, The minimum viscosity is at a concentration of 0-8M. The equationholds 
up to a concentration of 3M.***)*** The viscosity at 18°C. is given by the 
expression: Ne = Noll + 0- 00:46y/), where c is the molar concentration, and 
No is the viscosity of water.**°s*®? The temperature variation of viscosity is 


shown by the values in Table XV.**” 


TABLE XV.-TEMPERATURE VARIATION OF VISCOSITY, 7, OF POTASSIUM 
CHLORIDE SOLUTIONS 


The variation of viscosity with absolute HA SH has been shown to 
follow Andrade’s relationship closely.** 

The osmotic pressure at 26.429°C. has been measured directly as 95-5, 
136-5 and 187mm. of mercury in 0- 0020, 0-00298, and 0-00504molal solutions 
of potassium chloride.*® 

The refractive indices of aqueous solutions of potassium chloride (Mellor, 
II,549--550, and fable XX) have been extended by more precise measurements 
and by the addition of data at further concentrations and temperatures. The 
variation of refractive index with pooper ats and concentration is shown 
graphically in Fig. I.*°° Data over the concentration range 0-001 to 4M. at 
25°C. show that the molar refraction, R,,, has a maximum of 11-299 between 
0-2 and 0-5M. and falls to 11-268 at 0. O1M., and to 11-235 as the concentration 
tends to zero.***. The molar refraction with helium D, line at 25°C. is given 
in Table XVI. 4°? 


TABLE XVI.-MOLAR REFRACTIVITY OF POTASSIUM CHLORIDE SOLUTIONS 
ATP 25°C, 


Molar concentration Molar refractivity 


The variation with concentration (c, in moles per litre) of the difference in 
refractive index, An, between water and the aqueous solution of potassium 
chloride is given by the expression: (An/c),, = 0-010230 - 0.00137 ¢.*°* The 
refractive indices*”*® at 20°C. and 25°C. are shown in Table XVII. | Values of 
-7.5°C. and -9-8°C., and of -3-5°C. and —3-6°C., have been obtained for the 
temperatures of Atecinitns refractive index of 0-5 and 0-25M. solutions of potas- 
sium chloride, respectively. *” 

Variation of refractive index of more concentrated solutions with concen- 
tration is indicated by the following data: 
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137100 saturated KCl Solution 


Refractive Index 


20 25 30 35 40 45 50 55 60 65 70 75 
Measurement Temperature °C 


FIG 1.-VARIATION OF REFRACTIVE INDEX WITH TEMPERATURE AND 
CONCENTRATION OF POTASSIUM CHLORIDE SOLUTIONS 


TABLE XVIL-REFRACTIVE INDICES OF POTASSIUM CHLORIDE SOLUTIONS 
AT 20°C, AND 25°C. 


0-099805 Molal : 
°C, | n(A = 65634.) | n(A= 58904.) | n(A = 48624.) 


20 1332271, 1.334131, 1.338246, 
25 1-333602, 


0-019938Molal | 


20:5 (esse 1419, 1.333279, 1.337392, 
25 - 1.330946, 1.332756, 1.336928, 


Concentration, ny ee 

Molal 3 

11323 1.34294, 11-296 
1.4927 1.34612, 11-303 
2.2073 1.35173, 11-300 
3.0312 1.35769, 11.292 

4. 4104 1.36670, 11-289 

4. 4246 1.36678, 11.2845 


The figures below show the variation of refractive index with temperature: 
The molecular absorption coefficient of aqueous solutions of potassium 
chloride has been determined in the region A = 4000-25000 A.**’ The light 
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t°C. Concentration nD, Ry 

25 Molal ; 

i) 1.2983 1.34460 = 11.313 
35 1. 2982 1.34325 =11-355 
45 1.2980 1.34168  11.38249° 


scattering, or Rayleigh effect, measured for potassium chloride solutions of 
concentrations above 0-1M., is less than the theoretical,*®® the deviations 
increasing as the concentration increases.” 

The Faraday effect, the magneto-optic rotation, (Partington, "Advanced 
Treatise on Physical Chemistry", IV,592,602) for potassium chloride has 
been investigated, and the Verdet constant reported.°° The molar rotativity 
and the molar refractivity, both extrapolated to infinite dilution, are 3-80 x 
10°*°min.sq.cm., and 11-313, respectively.” Variation of the molar rotativity 
with concentration, at 0°C., has been reported.*”? 

The surface tension of potassium chloride solution is said to be less 
than that of water at certain concentrations, and to pass through a minimum 
at about 0-001M., the measurements being made by the capillary height®®® 
and ring methods. A theoretical treatment has led to a formula for the 
surface tension of potassium chloride solutions in accord with these results.°” 
However, the existence of this minimum has not been confirmed in a deter- 
mination using a precision ring method,°” nor by use of the differential bubble 
pressure method. Further, the results of this latter method are in complete 
accord with the Onsager-Samaras equation.°°’ The explanation probably 
lies in the fact that the capillary height and ring methods have ignored the 
zeta-potential at the silica solution interface. The relative surface tensions 
(y/Yy,0) by the bubble pressure method at 25°C. + 0-01°C. are: 1.000097 
at 0-00229M., 1.000138 at 0-00481M., 1.00142 at 0-0437M. and 1.00179 at 
0-0512M.°°’ The surface tension of an aqueous solution of potassium chloride 
at 25°C. is given by the expression: y = km + y,, where m is the molality, 
Yo is the surface tension of water, and k is a constant. Surface tension data 
and values of k are given in Table XVII. 


TABLE XVII.-SURFACE TENSIONS OF POTASSIUM CHLORIDE SOLUTIONS 
AT 25°C, (DYNES/CM.) 


Pee ie Oa ye | 


Maximum bupyvle 1-000 
pressure method?” 2.010 
3-051 


4-015 


1-00 
2-00 
3-00 
3°80 


1-0 
2-0 
4.0 
4-83 (saturated | 78-95 
solution) 


Table XVIII shows data at 20°C. and 40°C.°'* Surface tension data are also 
available for various concentrations at 0°C.,°** and 5°—35°C., in 5° intervals.*** 
The effect of adding hydrochloric acid to potassium chloride solution is to 
reduce the surface tension by a small amount, as shown in Table XIX,°** 
where the observed values are compared with the values calculated (Y gajc,) 


Drop weight 
method®”? 


Stalagmometry**® 
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TABLE XVII.-SURFACE TENSIONS OF POTASSIUM CHLORIDE SOLUTIONS 
AT 20°C, AND 40°C. (DYNES/CM.) 


y at 20°C. | y at 40°C, 


for a simple mixture of two electrolytes. 


TABLE XIX.-SURFACE TENSIONS OF POTASSIUM CHLORIDE SOLUTIONS 
CONTAINING HYDROCHLORIC ACID, AT 25°C, 


Concentration | Concentration Voote | 
molal KCl molal HCl 
0.1 


Interfacial tensions between potassium chloride solutions and n-hexane have 
been measured over a range of concentrations by both static and dynamic 
methods.°** The interfacial tension between mercury and a molar solution of 
potassium chloride at 20°C. is 357-S5ergs/sq.cm.>*° 

The electrical conductivity of aqueous potassium chloride solutions has 
attracted considerable attention, both as a test of current electrolyte theory, 
and as a readily accessible standard for the calibration of conductance cells. 
In consequence there is a substantial literature, covering many determinations 
over a wide range of concentrations and temperatures, the salient points of 
which are given below. 

The precautions needed in obtaining precision data such as the use of 
correctly defined units of concentration, the purity of the water and the potas- 
sium chloride employed, and the design and layout of the cell and associated 
measuring apparatus, have received much attention.“’°" A considerable 
effort nas been made to obtain data of suitable precision for cell constant 
measurements. Table XX, taken from H.S. Harned and B. B. Owen, "The 
Physical Chemistry of Electrolytic Solutions", American Chemical Society 
Monograph Series, Third Edition, New York, 19538, sets out the data in such 
a way as to facilitate conversion of the various concentration terms. By. 
far the most satisfactory standards for the measurement of cell constants 
are those of Jones and Bradshaw. Ali the data on conductivity in aqueous 
solution which follow are based on grams of potassium chloride per 1000 
grams of solution (all weights corrected to vacuum), expressed also in terms 
of normality or the demal (1) = 1g.-mol. dissolved in 1 cubic decimetre of 
solution at 0°C.) \ | 

Values of the equivalent conductivity at 25°C. can be calculated trom the 
Onsager equation: A = 149.98 - 94.5/c, covering a range of concentration 
from 1-1556 to 10-092 x 10% M.°?’ In other equations for data at 25°C., further 
terms have been found necessary, and equations such as those following 
have been proposed to represent the data: A = 149.92 - 93-85/ce + 50c (up 
to a concentration of 0-003M.);54%5 149.86 = (A + 59-79/e)/(1 - 0. 227 4y/c) 
~ 94.9¢ (for a concentration range 0-00003=0.1M.),°* and 149.88 = (A + 60-19 
Vc)/(L - 0-2289%/c) - 145-0c¢ + 30€ log ec (for concentration range 0-5506 to 
17-7312 x 10°°M.5"* Data at other temperatures (within the range 5°—55°C.) 
are represented by the equation: A, = A + (B,A + B,)/c/1 + (3.38 — Bye, 
where Aj, B,, B,, and & at various temperatures have the values shown in 
Table XXI.°”? 
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TABLE XX.-SPECIFIC CONDUCTIVITY OF STANDARD POTASSIUM CHLORIDE 
SOLUTIONS IN OHM !cm,-2 


20°C: 18°C. 20°C: 25°C; 
1 N-EC1 (71-3828 g. KCl per kg. of solution in vacuum) zl 
Kohlrausch et al.°*5| 0.06541 0.09822 0. 10207 0- 11180 
Parker et al,5*6 0.06531, 0-09811, 9. 11168, 
Jones et al, 5% 0.06543, 0.09820, 0. 10202, 0- 11173, 


: 0. LN-E-Cl(7- 43344 g. KCl) 
Kohlrausch 0:00715 


| 0-01119 0.01167 | 0-01288 
Parker 0.007141, |. 0.011184, 0.012876, 
Jones 0.007154, | 9.911191, | 0.011667, | 0.012886, 
eee 0-01N-KCl (0.746558 g. KCl) 
<ohlrausch 0:000776 | 0-001225 0.001278 | 0-001413 | 
Parker 0.0007742, | 0-0012223, 0-0014103,' 
Jones 0.0007751, | 0-0012226,| 0.0012757,| 0.0014114,| 


1 DECI (71-1352 g. KCl) 


Parker 0-0€509, 0.09779, 0-11132, 
- Jones 0.06517, | 0.09783, 0.11134, 
0-01 DKCI (7-41913 g. KCl) _ re | 
0-007 129, 0.011163, 0-012852, 
0.007137, 0.011166, 0-012856, 


0-01D KCl (0.745263 g, KCl) 


0-00077284 | 0.0012202, 0-0014078, 
0-0007736, | 0-0012205, 0-0014087, 


TABLE XXI.-CONSTANTS IN ROBINSON AND STOKES’ EQUATION FOR THE 
EQUIVALENT CONDUCTIVITY OF POTASSIUM CHLORIDE SOLUTIONS 
AT VARIOUS TEMPERATURES 


The specific conductivity of a 0-1 Demal solution over the temperature range 
5°—20°C. can be represented by the equation: 4,y.,) x 10° = 7137-60 + 208. 
312¢ + 0°99077 t? - 0-006964¢3, and for a 0-01Demal solution: f5.,9 
10° = 773-637 + 23.0485¢: + 0-110384t? — 0.00064462°.5°° Equivalent con- 
ductivity data over the range 100°—300°C. is shown in Table XXII.°% 
Measurements of the conductivity by direct current methods are in agreement 
with the data obtained by the alternating current methods, which have already 
been quoted.**? The conductances relative to potassium chloride solution >f 
various 1:1, 1:2, and 2:1 strong electrolytes at very high frequency tield 


strengths (10—200kV./cm.) have been measured in the course of the invest- 


‘igation of the Wien effect 


°°5 and have been shown to be in agreement with the 


Onsager-Wilson tlieory.°°* There is little effect of temperature on these 


relative conductances.*** The conductivity of 0-040M. potassium chloride 
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TABLE XXII.-EQUIVALENT CONDUCTIVITY OF POTASSIUM CHLORIDE 
SOLUTIONS AT TEMPERATURES OF 100°C. AND ABOVE 


solution relative to hydrochloric acid increases by 42% at100kvV./cm., and 
2.4% at 80kv./cem.*** Very high frequencies have recently been applied in the 
measurements of electrolytic conductivity of potassium chloride solutions. 
At 3 x 10°c.p.s. a region of strong dispersion exists at concentrations below 
0-5N., owing to the perturbation of the hydration shell of the ions.°*® Ina 
normal solution at 22°C, the conductivity decreases by 5%, when a wave- 
length of 443cm. is employed in measurement, and by 30% with a wave-length 
of 23-6cm.°*” The induction heating of potassium chloride solutions by high 
frequency currents has been investigated.°** 

Increase in pressure results in an increase in the conductance. Measure- 
ments have been made at 25°C., up to a pressure of 2700 bars.°*? Data at 
30° and 75°C., up to a pressure of 10*kg./sq.cm. for a 0-01N. potassium chlor- 
ide solution are shown in Table XXIII.°* 


TABLE XXIUL.-EFFECT OF PRESSURE ON CONDUCTANCE OF POTASSIUM 
CHLORIDE SOLUTIONS AT 30°AND 75°C. 


p (kg./sq.cm.) 
Np /K, (relative 
conductance) 


At ti5°C, 


p (kg./sq.cm.) 500 1500 2500 
Ap/A, (relative 0-9878 | 0-9578 | 0-9245 
conductance) 


8000 10,000 ; 11,000 
0-7150 | 0-6445 | 0-6098 


The effect of ultrasonic waves (at 2-8MHz. and 25W.) is to increase the 
conductivity of potassium chloride solution, the increase becoming larger as 
the concentration decreases within the range 2M. to 0-01M. After irradiation 
the solution returns to normal conductivity within 2hr. in the case of the more 
concentrated solution, and 20hr. in the case of the dilute solution.*** 

In deuterium oxide the electrical conductivity is about 83% of the value 
in water; data are shown in Table XXIV.°*% 


TABLE XXIV.-CONDUCTANCE OF POTASSIUM CHLORIDE IN DEUTERIUM 
OXIDE-WATER MIXTURES AT 25°C, 


Molar Mole Fraction 
Concentration 


20,0/"H,0 
0.04997 


0.05007 
0.05002 

0.04999 
-0-05000 
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The Walden product, (nA), of equivalent conductivity multiplied by the relative 
viscosity of the solution, increases in a linear fashion by only 1.93% as the 
mole ratio of deuterium oxide varies from 0 to 1.°*° The equivalent conduc- 
tivity at infinite dilution of potassium chloride in deuterium oxide at 18°C. is 
eee; at 212 5°Cy 115-13; (and at ;25°C., 124. 54.5" 

The conductivity due to proton mobility of solid aqueous potassium chloride 
from 0° to ~50°C. has been measured. At O°C. the molar conductivity is 0-1— 
0-01 mho sq.cm./mole.**® 

The conductivities of aqueous mixed electrolytes have been studied by 
many investigators as a contribution to our present understanding of these 
systems. Reference to much of the data on these mixed electrolytes will be 
made later (see page 1702). The addition of hydrophilic colloids (e.g. gela- 
tin,’*° agar,°*” gum arabic or starch***) to potassium chloride solutions reduces 
the conductivity, the effect being associated with the colloidal viscosity of 
the solutions.°** Sucrose and glycerol*” have a similar effect. However, 
there is no direct relationship, such as the Walden product, connecting the 
viscosity and conductance,**° in fact, the product, nA, increases with in- 
creasing sucrose concentration.°** Urea, likewise, decreases the conduc- 
tivity, but here the Walden product holds,*? although views to the contrary 
have been expressed.°°* In aqueous systems containing, in addition to potas- 
sium chloride, viscous liquids such as glycerol, ethylpolyglycol, Igepal C, 
and Dispergal O, it is found that at frequencies of 439 x 107:°°* and 8-79 x 
10° c.p.s.,°°° the conductivities are not significantly different from those 
observed at low frequencies. The conductivity increases for 0-1 and 0-001 M. 
solutions of potassium chloride in glycerol and glycerol-water mixtures when 
measurements are made at 25°C. with wave-lengths of 23, 46, and 92m., 
respectively.°°° : 

Polarisation phenomena in solutions of potassium chloride at frequencies 
13-18,000 c.p.s. and molar concentrations of 10 to 10%, have been studied 
for electrodes of aluminium, nickel, gold, and platinum.°*? Space-charge 
effects during electrolytic conduction have been described and discussed in 
terms of potential gradients observed in a column of aqueous potassium chlor- 
ide solution 40cm. high, the overall potential difference being 8V.°"* 

There are many difficulties in the determination of the dielectric constant 
of conducting solutions, and the absolute values for potassium chloride sol- 
utions vary considerably. However, despite these variations, a trend in 
dielectric constant with concentration seems clear. Of the measurements of 
the dielectric constant, ¢, many have been made at very high frequencies and 
most in very dilute solutions.*°°°** A review of data up to 1921 and a biblio- 
graphy are available.°*® There is general agreement that a plot of € against 
Vc shows a minimum that cannot be reconciled with the simple Debye-Hiickel 
theory. The results, obtained by the resonance method and measured at 
8 x 10’c.p.s., given in Table XXV, are among the most recent available.*°’ 
Other data for solutions containing 0—3% of potassium chloride and at 60-110 
mc./sec. show only an increase in dielectric constant up to a saturation 
value between 0-4 and 0-6%;°°' also no minimum has been observed in solu- 
tions of concentrations from 0-02—0-06N. measured at 20°C. and 1000 c.p.s.°** 
At 200c.p.s. the difference between water and a 0-01N-potassium chloride 
solution is given as 10%, and as less than 1% for a 0-0001N. solution.*® 
The Drude-Coolidge method at wave-lengths of 1, 2, 3, 4, and 5m. gives 
results which agree only qualitatively with the Debye-Falkenhagen theory. 
The dielectric constant of a potassium chloride solution is stated to be always 
greater than that of water, the difference decreasing with tne frequency and 
increasing as the square root of the concentration.°** From the dispersion 
and absorption of electromagnetic waves of A = 443cm., the dielectric con- 
stant of water at 22°C. is found to be 79°46, that of 0°035 N-potassium chloride 
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TABLE XXV.-DIELECTRIC CONSTANTS OF POTASSIUM CHLORIDE SOLUTION 
AT 25 + 0. alc. AT VARIOUS CONCENTRATIONS 


Molar € 
concentration 


+ 4; forA = 23-6cm., for water « = 78-2, and for 0-035 N-potassium chloride 
= 77 +1, and for 1-0 N-potassium chloride « = 100+3.°°° The Drude method 
employing a wave-length of about 30m. gives results in the range 0-0005-0-01 
N., which are all greater than that found for pure water.°7*»°74 | 
The transport numbers of potassium chloride in aqueous solutions have 
been the subject of numerous investigations over wide ranges of concentration, 
and at various temperatures. The moving-boundary technique appears to be 
that most commonly used for the transport number measurements,°*’-°** and the 
method has been compared with that due to Hittorf. 97 Cation transport num- 


bers at 25°C. are shown in Table XXVI, 


TABLE XXVI.-CATION TRANSPORT NUMBERS IN POTASSIUM CHLORIDE 
SOLUTIONS AT 25°C, 


Concentration, | Moving-boundary 
Molar method>?? 


Hittorf 
method?” | 


The data given in Table XXVI have been confirmed and extended.** Values 
obtained by various investigators up to 1931 have been discussed critically.°” 
Little difference is observed between the transport number in dilute solution 
and at a concentration of 4-7N.°°° At very low concentrations, however, it is 
reported to be linearly related to the cube root of the dilution,®° and the 
variation has been studied in the light of the Onsager and Fuoss equations.***» 
604 The majority of the data available refer to 25°C., but some are available 
for other temperatures and are shown in Table XXVII.* The increase in the 
mobility of potassium ions in the presence of hydrogen ions has been invest- 
igated from the view-point of the Debye-Htickel-Onsager theory, using solutions 
of the salt acidified with hydrochloric acid.®™ 

The liquid junction potential of potassium chloride solutions, particularly 
the saturated solution, with other solutions is of importance in relation to the. 
e.m.f. of cells employing potassium chloride as a salt bridge. Saturated 
potassium chloride bridges are used to eliminate uncertainties in e.m.f. meas- 
urements due to the diffusion potentials, since although two diffusion potentials 
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TABLE XXVII.- CATION TRANSPORT NUMBERS IN POTASSIUM CHLORIDE 
SOLUTIONS AT VARIOUS TEMPERATURES 


Concentration, | 15°C. 25°C. 
e Molar shave 


instead of one arise, these are usually considerably smaller than the original 
potential, because the potassium and chloride ions have very nearly the same 
transport numbers, and the two potentials are often of opposite sign.°*,°% 
The liquid junction between dilute hydrochloric acid and saturated potassium 
chloride is 4*7mvV. There is little variation with concentration.°* The 
potential between potassium chloride solution and organic liquids such as 
methyl alcohol, ethyl alcohol, acetone and amy! alcohol is reported as zero.°” 
dowever, in the case of amyl alcohol other workers have reported the exist- 
ence of a potential difference.°”” 

In the electrochemistry of cells employing saturated potassium chloride 
bridges or potassium chloride solutions in the electrode systems, particular 
importance attaches to the calomel electrode®”* and cells for the determination 
of at such as H,.Pt | unknown solution | KCl (saturated) | KCI (0-1M.) | 
[Hg,Cl,] | Hg,°°° or H,.Pt | unknown solution | KCl solution | AgCl | Ag.°® 
ie > Asn of che pH of a potassium chloride solution with precision 
employing a hydrogen electrode Me difficult; the value of 6-76 at 25°C.°#* 
compares well with the value of 5-77, using bromothymol blue as the indic- 
ator.”'* 

‘The overvoltage of copper in copper sulphate solution is decreased by the 
addition of potassium chloride owing to a decrease in the degree of hydration 
of the copper(II) ion and a resulting decrease in the energy of hydration.®* 
The decomposition potential of potassium chloride solution (0-0493M.) with 
platinum or iron electrodes is about 2°7 V.° 

Extensive activity coefficient data of great accuracy are available tor 
potassium chloride solutions over a wide temperature range. The values 
have been established from e.m.f. measurements, °°*»°'*-®"* from vapour pressure 
data,°** and from depression of freezing point data.°7*»°** A representative 
selection is shown in Table XXVIII, taken from H.S. Harned and B. B. Owen 
loc. cit. Activity data obtained up to 1925 by the methods enumerated above, 
have been surveyed.*7°°* Table XXIX gives the values of the activity co- 
efficient obtained by e.m.f. measurements over a wide range of temperatures.°"* 
The mean activity coefficient of potassium chloride at 100°C. obtained from 
freezing point data is shown in Table XXXx.*”’ 

Experiments with deuterium oxide show the transport number, tx+, at 
25°C. to be 0-4939 at a potassium chloride concentration of 0-1 nelalaee Bion 
data on the cell: Ag | AgCl is Ce (M. in D,O) | KCl (M. in D,O) | AgCl | Ag, 
the activity of potassium chloride in detretianoride, is obtained,®”? along 
with other thermodynamic data. Activity coefficients of potassium chloride 
solutions have been successfully measured employing an ion exchange resin 
membrane.°*° The activity coefficient of potassium chloride in the resin 
phase of various cation®*' and anion®*? exchangers has been investigated. In 
all cases, the activity in the resin phase was smaller than in the aqueous 
phase, when the aqueous phase had a low concentration. The ion exchange 
equilibrium between potassium chloride solution and various ion exchange 
resins can be considered in terms of the Donnan equilibrium, data on the 
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TABLE XXVII.-ACTIVITY COEFFICIENT OF POTASSIUM CHLORIDE 
DETERMINED BY VARIOUS METHODS 


te OF 


Temperature 


Concentration, 


(618 0620 } | 619 623 
Molalitv ) ) 


Y+ (e.m.f. Y+ (f.D. 


y, (e.m.f. 


(0-929) 
(0-904) 
(0-819) 
0-768 
0-717 
0-683 
0-642 
0-613 
0. 588 
0-563 
0-547 
0-540 
0-539 
0-540 


Temperature 20°C. 


See eed 


Temperature 25°C. 


H SP ctelice ae V4 e.m.f,028792 f,0887040 Ys ( e.m.f.)°” 
0-005 (0-927) (0- 9275) 
0-01 (0-901) 0.902 
0-05 (0-816) (0-815) 0-817 
0.1 0-770 0-769 0-770 
0.2 0.718 0-721 0-719 0-719 
0.3 0-688 _ 0-688 — 

0-5 0-651 0-651 0-651 0-652 
0.7 0-627 - 0-628 — 
1-0 0-604 (0- G04) 0-606 0-607 
1.5 0-582 _ 0.585 — 
2-0 0-573 0-573 0-576 0-578 
2-5 0-568 - 0-572 ~ 
3-0 0.567 0-569 0-573 0-574 
3-9 0-571 _ 0-574 0-576 
4.0 0-574 0-572 0-582 0-581 


distribution between resin and potassium chloride solution being available.°** 
The diffusion potentials of potassium chloride in ion exchange membranes 
nave been measured. The diffusion velocities follow Fick’s Law, and the 
diffusion constants depend on the exchange capacity and water content of 
the membrane.°**? 

The thickness of the Helmholtz double layer formed on two gold elec- 
trodes in potassium chloride solution is 0-194 x 10-°cm. at a concentration 
of O-1N., and 0.325 x 10cm. at 0-001N.°* The electrocapillary curves 
for mercury at 25°C. with a range of potassium chloride solutions show max- 
ima as indicated in Table XXXI.°°° 

Electrokinetic phenomena (zeta potentials) have been investigated with 
potassium chloride solutions for quartz powder,°*”°*’ Jena glass capillaries,°** 
Pyrex glass powder,°*® various textile fibres,“° and cellulose.°** Surface 
conductivity has been invoked to explain abnormal electrokinetic potentials.°*? 
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TABLE XXIX.-MEAN ACTIVITY COEFFICIENTS OF POTASSIUM CHLORIDE 
AT VARIOUS TEMPERATURES 


Concentration, 100@e 115-C) | 20°G 3,95°C. 30°C.” 35°C: 1 240°C: 
Molality 


TABLE XXX, -ACTIVITY COEFFICIENT OF POTASSIUM CHLORIDE AT 100°C. 
(FROM BOILING POINT ELEVATION DATA) 


Concentration, Concentration, Concentration, 
Molality Molality Molality 


0-959 4-5 


TABLE XXXI.-ELECTROCAPILLARY MAXIMA IN POTASSIUM 
CHLORIDE SOLUTIONS 


yaynes/em) 


For aqueous 0-001N-potassium chloride solution at 25°C., the extra conduc- 
tivity near optically polished glass, fused silica and optically polished quartz 
amounts to a surface conductivity of 4-3 x 10°*mhos.%* The surface conduc- 
tivity at the interface between fritted Pyrex glass and 0-0005 N-potassium 
chloride solution is independent of the frequency and intensity of the current, 
but varies greatly with time and with the method used for cleaning the sur- 
face.°** 

Electro-osmosis of potassium chloride solution with parchment,*silica 
el,°**° Pyrex glass,’ and ceramic®** diaphragms has been observed and 
measured. The transport of potassium chloride through membranes of cel- 
lophane, °° chromated gelatin, parchment, parchment paper, and collodion,°*?»°° 
has been treated quantitatively. Transport number measurements with parch- 
ment membranes indicate values of 4 and 5 as the hydration numbers of the 
chloride and potassium ions, respectively.°°* The electro-osmosis of 0-02 
N-potassium chloride solution through a slit formed by two thin plates of glass, 
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10 x 1-55cm.in size and set 5 x 10°*mm. apart, is found to agree with osmosis 
observed using powdered glass. °52 The surface capacity of mercury in con- 
tact with aqueous potassium chloride has been measured.°** 

Information on the diffusion of potassium chloride in aqueous solutions 
has been considerably extended beyond that given in Mellor,II,548. Table 
XXXII gives a selection of data. 


TABLE XXXII.-DIFFUSION CONSTANTS FOR POTASSIUM CHLORIDE 
SOLUTIONS AT VARIOUS TEMPERATURES 


Concentration Diffusion constant Temperature Method Reference 
x 10° cm.? sec. 


2% 1-75, + 0-02 . Interferometry 
0-00125M. 1-9612 Conductance 
0-00194M. 1-9545 ~ Conductance 
0-00325M. 1-9433 Conductance 
0-00585M. 1-9308 Conductance 
0-00704M. 1.9241 Conductance 
0-00980 M. 1-9180 Conductance 

0-1M., 1-851, Gouy-interference 
0-5M. 1-849, Gouy-interterence 
1-0 M. OOD. Gouy-interference 
2-0 M. 1-999, Gouy-interference 
3-0M. 2: 112, Gouy-interference 
3-9M, 2-195, Gouy-interference 
0-5N. 1-22* Internal 
| precipitant 
Saturated 2: 107 | . _ 
Solution 


* Measured in gel 


The integral diffusion coefficient, Dien for a run of vanishingly short duration 
between concentration, c, and pure water, is related to the true differential 
coefficient by the expresciae: 


Dic > Ef D de 
Data for 0° in cm.? sec. ! x 10°75 at 25°C. are as follows:°” 
Concentration, D° 
moles/litre 

9-000 1-996 
0-001 1-794 
0-002 1-966 
0-003 1-960 
0-005 1-951 
0-007. 1-945 
0-01 1.9 38 
0-02 0-920 
0-03 1-908 
0-05 1-893 
0-07 1-883 
0-1 1-873 
"Oi.2 1-857 
0.3 1-850 
0-5 1-848 


continued on following page 
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Concentration, Bs 
moles/litre 


1-851 
1-859 
1-856 
1-874 
1-882 
1-892 
1.901 
L927 
i tpo bis) 
iwi 
2-000 


The diffusion coefficient dara®® fit the Onsager-Fuoss diffusion equation.®* 
Tue diffusion of potassium chloride into inydrochloric acid at 10°C.°% and at 
25°C.°°* has been measured. The diffusion of a 0-02N-potassium chloride 
solution through sand saturated with water was measured by a conductivity 
method, the average diffusion found being 1-Gmm. per day.°°* Diffusion of 
potassium chloride out of single capillaries, from tubes containing beds of 
small glass beads, and from porous alumina spheres, has been studied. In 
the diffusion of a mixture of potassium chloride and potassium sulphate in 
agar gel at 10°—20°C., the diffusion coefficient of the potassium chloride is 
reported to be greater than when diffusing alone in the gel under comparable 
conditions.°°° With a specimen of a 3% gelatin gel containing thermolysed 
gelatin, the diffusion is more rapid than that witn a simple gelatin gel.°°’ 
The Soret effect, which is the slow development of a concentration gradient in 
a homogeneous solution subjected to a vertical temperature gradient, has 
been studied with potassium chloride solution. The Soret coefficient, dif- 
fusion constant, and thermal diffusion coefficient, measured using a flat cylin- 
drical cell of variable height, h, under a temperature gradient of from 25°C. to 
35°C., are given in Table XXXIII.°® 


TABLE XXXIII.-SORET COEFFICIENTS, DIFFUSION, AND THERMAL DIFFUSION 
CONSTANTS FOR POTASSIUM CHLORIDE SOLUTIONS 


Mole fraction | Soret coefficient | Diffusion constant Thermal diffusion constant 
cm.*/sec. X 10° cm.?/sec./deg. X 10° 


Height of cell = 0-695cm. 


ee a eS olavs ban age atone 
OINADADADWAANHN ON 


0-018 26 -0.51 x 1073 19 49 —0.57 x 1073 
0-03692 ~—0.72 x 1073 1-30 -0.99 x 107% 
0-05067 —0.91 x 1073 1.90 -1.73 x 107° 
0.07458 —1.23 x 10° 1-38 -1.70 x 1073 


Height of cell = 0-975cm. 


-0-01826 —0.27 x 10° 3-04 —0.82 x 10°3 
0-03692 -—0.76 x 1073 1.52 -1.16 x 10° 
0.05067 0.97 x 10° 1.92 -1.86 x 10° 
0-07458 -1.07 x 107° 2-64 —2-18 x 1073 


69 
The Soret coefficient has also been measured using a fine glass frit,°° or a 


permeable membrane,°’® and by a thermoelectrical method. 71 From experi- 
ments with a vertical column, the Soret coefficient of 0-05 N-potassium chloride 
Seiution) at 30°C, is 1-20.x'107*; at 40°C.,, 2-26 x 107; .at 50°C., 2-77 x. 107; 
endear 60°C,,:3-18' x 107° sec. *-°”? 

A very large amount of work has been done on the eaeeulétion of colloids 
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by electrolytes using potassium chloride. The results are in no way specific 
to potassium chloride and no further reference to it will be made here. 

Potassium chloride restores thixotropic properties to electrodialyséd bento- 
nite.°’* The adsorption of electrolytes from aqueous solutions by materials 
such as charcoal from various sources,®”* barium sulphate,°’® carborandum,*”” 
metallic silver and gold,°’* copper ferrocyanide®” and silica,®®° has been 
studied employing potassium chloride solutions. 

Under the action of ultrasonic radiation at 400kc./sec. and at 1-0Mc./sec. 
hydrogen peroxide is produced in dilute oxygenated solutions of potassium chlo- 
ride, but in quantities little different from those formed in pure water under 
similar conditions.™*»°*? An ultrasonic interferometric method has been des- 
cribed by means of which tne volume of hydration water of potassium chloride 
solutions may be calculated on the basic assumptions that the ions of the salt 
and the hydrated water are incompressible, and that the observed decrease 
in compressibility resulting from the solution process and from increase in 
concentration is due to hydrate formation.°**~*** The absorption of ultrasonic 
energy by aqueous solutions of potassium chloride of concentrations up to 
0-6N. at various frequencies has been studied.°°® The Debye effect in solu- 
tions of the salt, as caused by sustained sinusoidal ultrasonic excitation ,°*’ 
or by pulse trains,°* has been detected and measured. It is recorded that 
anomalous values are observed for the velocity of ultrasonic radiations at 
0-625—2-5Mc./sec. in 1-6% solutions of potassium chloride at 24°C., this 
being the dilution range over which so-called negative viscosity effects ap- 
pear.°? More recently, however, other investigators have reported that at 
25°C.: and at 3-0°°° and 6-4Mc./sec.,°" the velocity is an uninterruptedly 
linear function of concentration for solutions containing up to 15% of the 
salt.°°° Variations of electrical conductivity occurring simultaneously with 
those of adiabatic compression in irradiated solutions of potassium chloride 
have been measured, and the results have been applied to the calculation 
of the pressure and temperature coefficients of conductivity with the aid of 
Onsager’s equation. For a 0-0001N. solution at 25°C., the magnitude of the 
two side band voltages, as calculated from measurements of electrical conduc- 
tivity with a.c., 1s about 53uV./atm. acoustic pressure/V. applied.°”* Ultra- 
sonic pulse-trains at a carrier frequency of 200kc./sec. have been used for 
the generation of alternating potential gradients in solutions of potassium 
chloride. In a 0-O0IN. solution, the ionic vibration potential is 6GuV. per 
cm./sec., from which it has been calculated that there is a difference of 80 
between the apparent sramionic-masses of the hydrated anions and cations of 
the solute.°* The velocity of uitrasonic radiation in concentrated solutions 


of potassium chloride at frequencies and temperatures of 0-47—12.87Mc./ 


sec., and 15°—55°C., respectively, has been measured.°* No dispersion 
occurs under these conditions.°* For a 20% solution of the salt, the velocity 
is 1632.5, 1643-3 and 1643.7m./sec. at temperatures of 19-8°, 26.6°, and 
26-7°C., respectively, at 0-5Mc./sec.°”* 


Aqueous systems containing potassium chloride and other components. 


A considerable number of systems of this type have been investigated. 


The information which follows contains only items referring to pnase dia- 
grams and such physical properties as are considered of importance. Many 
of the systems are of technological interest. In Table XXXIV termary systems 
based on potassium chloride-water and one other component are listed. The 
properties of solutions containing potassium chloride and sugars, partic- 
ularly sucrose, are reported in some detail. Reference has already been 
made to the electrical conductivity (vide supra) of solutions containing potas- 
sium chloride and sucrose. Dataarealso available forthe heats of dilution,*** 


viscosity at 20°, 30°, 40°, and 60°C.,°** and activities®*® in these solutions. — 


The solubility curve at 30°C. of the ternary system KCl-sucrose-water shows 
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TABLE XXXIV,-AQUEOUS TERNARY SYSTEMS CONTAINING 
POTASSIUM CHLORIDE 


1703 


NaClo, 
Na,SO, 


KBr 


<C1O, 


S<OH 


Additional Component 


NaN, Electrical conductivities.’”° 
Na, CO, Phase diagram at 25°C,” 
Na,Cr,O, Phase diagram.’”” 
NaNO, Cryoscopic measurements;’”* equilibrium system 


Na,SO,,10H,O 
KF and KHF, 


K.CO; Phase diagram.’ 
KHCO, Phase diagram 10°—40°C,”* 
E3Cr.0; Solubilities at 20°, 25°, 30°, and 40°C. ;7** 


KIO, Phase diagram at 5°, 25°, and 50°C,” 
KNO, Phase diagram;”? phase equilibria at 30°C.’** 
KNO, Equilibria at 0°, 20°, 40°, 60°, and 98°C,” 
Kat: Equilibrium at 20°C,” 
KReO, Phase diagram at 0° and 30°C,” 
KH,PO, Phase diagram at ~10-8° to +35°C.;”4”_ phase 


Electrical conductivities;°"° ©” 


Viscosities;°” e.m.f. measurements of 
activities. 

Transnort numbers;°” activity coeff- 
icients;° vapour vressures;’”? 
electrical conductivities at 25°C,”°? 
Transport numbers; electrical conduct- 
ivities at 25°C.;7* viscosities and dens- 

ities at 25°, 40° and 60°C.:”5 phase 
diagram;’°-7°’*47 phase diagram 
100°—230°C. ;**° phase diagram —23° to +190°C.; 
709 solubilities at 15°C.;7*° solubilities 

up to 111-3°C.;7* solubilities at 25°—100°C, ;7* 
soluvilities of solutions saturated with 

NaCcl;’*? calculation of solubility diagram at 
25°C.;7° activity coefficients; crystallisatio 
at 300°—650°C. under a pressure of 300—350 atm.; 
75 Faraday effect; electrokinetic potential 
717 surface tension;’*® densities and refractive 
indices at 20°C,7!° 


706 725 


Phase diagram at 25°C,’ 

Equilibrium diagram at 0°, 25°, 50° and 75°C.7?’ 
Cryoscopic measurements.’” 

Phase diagram at 25° and 75°C,’ 

Phase diagram;’” phase diagram —13-4° to 
+30°C,;73° phase diagram at 25°C.;7** phase 
diagram at 35°C.;7*? solubilities, densities and 
optical properties of crystalline phases;’* 
Faraday effect;”*° composition of solid 

phase plotted against temperature of deposition. 
734 


Solubilities at 20°, 25°, 50°, and 75°C.” 


effect of agar on crystallisation.’*” 
Phase diagram;’*° e.m.f. measurement of 


activities.°”® : 


diagram at 0°, 25°, and 50°C.;7** phase 
diagram at 0°C.7*” 


continued on following page 
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TABLE XXXIV.-CONTINUED 


KSO,NH, Phase diagram at 25°c,7°° 
K,SO, | Phase diagram at 30°C,”* 
KHSO, Solubility at 20°C,”°? 
a-KCNS Vapour pressure.”*° 
RbCl Solubility system at 25°c,7* 
RbBr Phase diagram at 25°c,”™ 
CsCl Isopiestic measurements at 25°C.’ 
MgCl, Solubility, density, and optical proverties of 
solid phases;’** solubilities at 25° and 100°C.; 
57 solubilities at 15-4° and 90°C. ;** 
solubility at 35°C.:7 empirical formula gov- 
erning solubility;” phase diagram at 0°C.;7°* 
comparison with NaCl—MgCl,—H,O system;’°? 
thermodynamic study by an isopiestic 
method:7°? heat of solution at 50° and 66°C. ;7 
electrical conductivities:”* densities and 
refractive indices at 20°C.:”° viscosities, 
densities, and refractive indices,’ 
Mg(OH), Solubilities at 25°C. of components are independ- 
ent of one another.” 
Mg(NO,), Phase diagram at 25°C,” 
| MgSO, Phase diagram at 25°C.:7° phase diagrams at | 
| 15°) 26° h35° and 05°C): 7 solubilities:ateo co 
2 heat of solutions at 50° and 66°C, ;”% 
electrical conductivities.’””° 
CaCl, | Phase diagram at 0°C.;7°* phase diagram at 30° 
c.:73 phase diagram at 35°C.;”" freezing 
point of KCl in CaCl,,6H,O.””? 
Ca(ClO,), Equilibria at 15° and 45°C,;7”* isotherms at 
-10°, 0°, and +25°C.,7"* 
Ca(NO;), Phase diagram at 30°C.”** 
CaC,0, Solubility in KC1.’7° 
Ca(HPO,),2H,O Solubility in KCl at 40°c,’” 
Caso, 7 Solubility at 55°C.;7” solubility at 25°C,’” 
SrCl, Heat of dilution, evidence for K,SrCl,;’” 
phase diagram.7®° 
BaCl, Thermodynamic study by isoniestic method;”** 
interfacial tension in contact with butyl] alcohol;”™* 
specific refractivities of system;”*? 
system;’** densities and refractive indices 
at 21 + 0-03°C.;7** electrical conductivities and. 
freezing point depressions.’* 
LaCl, Electrical corductivity.”*° 
CeCl, Phase diagram at 30°C,”*” 


Mn(II), Co(II), Ni(II), 
and Cu(II) chlorides 


Thermodynamic studies by an isopiestic method.”°* 


CoCl, Interfacial tension in contact with zso-amyl 
acetate;’®* phase diagram at 20°C,;7% 
phase diagram;’”° phase diagrams at 0°, 38°, 
BO 5 IC RTS eandso0 wos 

CoSo, Equilibrium isotherms at 0°, 38°, 50°, 75°, and 


100° Ce i A eothermaateod. eas 
continued on following page 
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TABLE XXXIV.-CONTINUED 


Additional Component Data _ 


FeCl, Systemeat.0 20, ol, and.60-C,.’" system;”” 

compressibilities from ultrasonic measurements.’”* 

| CuCl, | Interfacial tension in contact with butyl 

| acetate;’”’ system at -65° to +121.5°C.7% 

Cull, ),7 | Solubility.” 

| AgCl Solubility.” 

| Ciel | Svstem;*** equilibrium isotherms from —10° to +100° 
G, 8% refractive indices at 20°C, °° 


ebullioscopic study.°™ 


HgCl, | System at 25°C.;°°° interfacial tension in 
contact with butyl acetate;®°® ebulliosconic 
| | study;®°”? snectroscopic study.*® 
| Hg(CN), | Ebullioscopic study °° | 
| AIC], System at 25°C.;°%° system at 0°, 40°, G0°, and 
80°C 811 
: 
| Al(NO,), System at 0° and 10°C,*? 
Ppcl, Vapour pressure at 25°C.;°** activities;*¥* 
| thermodynamics of system at 25°C.:°** system 
pate2ooe ors 
NH,Cl | Equilibrium system at 30°C. ,°*” system at 
| 20°c.*** solubility equilibrium and densities 
| at Or woemes . G5 andro0-C. 2!" 
| solubility isotherms at 0°, 20°, 40°, and 60°c.°”° 
NH,NO, | System at 0°C.;°*° system at 100°C.;°7*_ sol- 
| ubility equilibrium at -10° and -15°C.*” 
| boiling point of system;®”? phase diagram 
| —20° to 430°C: 524 
(NII,),SO, | System at 20°C.;°7° system at 25°c,° 
(NH,)H,PO, | System at 0°C,°97774 
SO, | Solubility up to a EC] concentration of 30 g. 
| per 100g. water, from 10° to 90°c.58 
K oleate | System up to 210°C, (salting out of soap).®” 
EK laurate | System up to 225°C, %° 
K benzoate | Absorption spectra suggest complex formation.** 
Urea | Phase diagram;®* solubility equilibrium 
| -19. 4° to +40°C.5*3 
no compounds to be formed.**? This system is of importance in the sugar 


industry, and viscosity data are available.**® Examination of systems con- 


taining, in addition, other sugars such as d-glucose and 0-fructose, shows 
that the solubility of sucrose is decreased as compared with the simple ter- 
Mary system of sucrose~KCl-water.°* The phase diagrams for the quaternary 
systems sucrose~fructose~KCl-water, sucrose-glucose-KCl-water and glu- 
cose~fructose-KCl-water®*® at 30°C. are reported, and for the quinary system 
sucrose~glucose-fructose-KCl-water.*** The phase equilibrium of the system 
glucose~KCl~water at 10°—20°C. shows no evidence of compound formation.**’ 

In Table XXXV poly-component systems based on potassium chloride- 
water and other components are listed. 


Solutions of Potassium Chloride in Non- Aqueous and Mixed Solvents. 

The solubility of potassium chloride in liquid hydrogen cyanide at O°C. 
is 9-10 mole/1., with a corresponding conductivity of 0-0085mho/cm., which 
is about 0-005 of the value in water.°”° At 18°C., the equivalent conductivity 
of such a solution is given by the expression: Ag = 363-4 - 280\/c, where 
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TABLE XXXV.-AQUEOUS POLY-COMPONENT SYSTEMS CONTAINING 
POTASSIUM CHLORIDE 


System 
KY Nal Che are ie 


Distribution of I and Br between 
solid and solution.°* 

Phase diagram 0°—90°c, *“ 

System studied by isothermal evap- 
oration.**5 

Empirical equation governing 
solubility relationships.**° 

System at 125>. 150° 200°, and 265° 
c.;°47 representation of system 
discussed;*** heat capacity;*° 
system at 25°C.;"* system at 25° 
and 100°C.;7*” vapour pressure;°* 
kinetic determination of solution 
equilibrium.**? 

Isotherm at 55°C, °°? 

System;*** system at 15°,25°, 35° 
and 55°C." 

Equilibria in system 0°-80°C,°™ 
Electrical conductivity.77° 
System.*° 

Equilibrium. °*°° 

Refractive index at 15°c.”!° 
Distridution of I and Br between 
solid and solution.**° 

System at 20°c, °°” 

Solubility from 40°C. to complete 
solidification. ** 

Equilibria at 25°C.°? 

Solubilities at 10°, 25°, and 40°C. *° 
Solubility in system at 24°c,®*! 
System at 25°c.;°°” solubility 
isotherms at 100°C.°°? 

Phase system at 25°C,8°” 
Solubilities.””° 

Equilibria in system at 18°— 

tia ce 

System at 25°c,% 
System at 25°c.%5 
System.*°° 

System at 25°c.°5” 
Complex salts forme 
Phase study. 
System at 25°C, 6 
Isotherms at —10°, +20°, and +40° 
Oats 


K* Na ,C17,NO, 50)" 
KCl],NaCl,NaBr(K Br) 


KCl1,NaCl,HCl 


ECl,NaCl,MgCl, 


KCl,NaCl,MgCl,, FeCl, 
MgCl,,MgSO, 


K+ Nat,Mg* Cl7,NO,~ 
KCl,Nasr,MgSO, 

Ki Nat NH ClO. 
KoyNatsCl 5, S0)75,.NH. 
KCl,NaCl,NH,Cl 

ESCl] orale 


ECl],KSr,MgCl,,MgBr, 
KC1,K,Cr,0,,KNO, 


KC1,KNO,,K,SO, 
ECIHK3CO, 580, 
KC1,K,SO,,MgS0o, 
KCl, RoCl,MgCl, 


KCl, RDCI,NH,Cl 
KCl,MgCl,,FeCl, 
KCl,CaCl,,Srcl, 


KCl, FeCl,, AlCl,,HCl 

KCi, AlCl, ACT 

Ke APSA Cr 

KCl, HgCl,,NH,Cl 

KC1,SdCl,,HCl 

K+,NH, *,Cl”,NO,7,H,PO,7 
KCl,(NH,),SO,,NH,OH 

KCl,NH,NO,,NH,OH 


67 
a:* 


cis the concentration in gram equivalents per litre of solution.*” 

The solubilities of potassium chloride measured in water-hydrogen peroxide 
mixtures (0—100mole%) at 0°, 15°, and 25°C., ‘show that whilst at high hydrogen 
peroxide concentrations the temperature dependence is small, with solvents 
rich in water an appreciable temperature dependence exists. The solubilities 
in hydrogen peroxide mixtures are greater than in water alone; this is also 
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true of sodium fluoride and potassium nitrate, but not of sodium chloride; 
sodium nitrate, or lithium nitrate, for which the reverse holds.°”? The solu- 
bilities at 25°C. in hydrogen peroxide-water mixtures are shown in lable 
ox x VI.°7* 


TABLE XXXVI.-SOLUSILITY (MOLE/LITRE OF SOLUTION) OF POTASSIUM 
CHLORIDE IN HYDROGEN PEROXIDE-WATER MIXTURES AT 25°C. 


Mole fraction H,O,| Solubility 


0. 1955 | 5.534 


The relation of electrical conductivity and dilution of potassium chloride in 
hydrogen peroxide~water mixtures is very similar to that for solutions in water. 
Selected data for'conductivity are given in Table XXXVII.°” 


“TABLE XXXVII.-ELECTRICAL CONDUCTIVITY OF POTASSIUM CHLORIDE IN 
HYDROGEN PEROXIDE-WATER MIXTURES AT 0°C, 


Specific | 
Conductivity 
ohm7!cm.7? 


9.62>< 1077 
5-36 X 10°? 
1-26 x 107? 
1-41 x 10° 
7-63 X 1074 
4.84 x 10? 
5-88 Xx 1073 
6-30 X02" 
5. 00mai10e 
6-15 x 107° 
7-73 X 107 | 
451x106 
Sr iexa10 
6212410744 


Dilution in litres 


In liquid ammonia, the solubility of potassium chloride is 5, 4, 3, 2, and 
1-5g./1000g. of ammonia at ~50°, -25°, 0°, 25°, and 50°C., respectively;*” 
other investigators report a solubility of 0-213g./100g. of ammonia at —33-9° 
C.;°* 0+132 g./100g. of solution at 0°C.;°’ and 0:048./100g. of ammonia at 
25°C.*"* The activity of potassium chloride at 35°C. in liquid ammonia has 
been obtained from e.m.f. measurements.°*”” 

The equivalent conductivity of potassium chloride in anhydrous hydrazine 
at 25° and 0°C. is 130-3 and 86-2, respectively, at infinite dilution. Data 
at other concentrations are given by the equations: A,, = 130°3 - 145\/c, and 
i= 86-2 — 89\/c.°*° 

The solubility in phosphorus oxychloride at 25°C. is 0-60g./l., and the 
corresponding electrical conductivity, 3-4 x 10-°ohm™*cm."*+*** The use of a 


0-1M. potassium chloride reference electrode in selenium oxychloride solu- 


tions is reported. Potassium chloride is a base in this system.**? It is 


insoluble in liquid nitrosyl chloride®** and in cyanogen chloride.*** 
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The solubilities in methyl alcohol-water mixtures at 25°C. are given in 
Table XXX VII.°7° 


TABLE XXXVIII.-SOLUBILITY OF POTASSIUM CHLORIDE IN METHYL 
ALCOHOL-WATER MIXTURES AT 25°C, 


Data at 10. 2° and 19-9°C. are shown in Table X XXIX.°* 


TABLE XXXIX.-SOLUBILITY OF POTASSIUM CHLORIDE IN METHYL 
AL,.COHOL- WATER MIXTURES AT 10-2° AND 19-9°C, 


Methyl alcohol | Solubility at 10-2°C. | Solubility at 19-9°C. 
ple pee Oe mole/l. solution mole/1l. solution 


The ratios of tne soln. of potassium chloride at various temperatures up 
to 100°C, in water, to that in aqueous methyl alcohol of various compositions. 
are reported.°*° In anhydrous methyl alcohol, various investigators report 
the solubility of potassium aes as 0-49 and 0-53g./100g. at 18° and 
25°C., respectively;**’ 4-28 2./1. 10°C. ;8* 0.00833, 0-00729, 0-00691, 
0. 00642, 0-00528, and 0-. OOuIS doles! of potassium chloride per mole at 20° 
30%; 35°, 40°, 45°, and 50°C., respectively.°* The densities and viscosities 
of potassium chloride desl ved in methyl alcohol at 25°C., measured over a 
wide range of concentrations, are given by the equations: d7 = 0.786545 + 
0-067895¢ and n = 1 + 0-00367Ve +0.43974c — 0-21803¢ loge.” Potassium 
chloride is, however, reported to show a negative viscosity in methyl alcohol 
which is not in accord with the above equation, ®° nor with an isolated meas- 
urement at 25°C., which gives the absolute viscosity of a potassium chloride 
solution Gahtaining 0.04713 mole/ 1000 g. of solution, as 0-00565.°°? A number of 
investigations cover the electrical conductivity of potassium chloride in anhy- 
drous methyl alcohol®’*®** and aqueous methyl alcohol.®”°’* In anhydrous 
methyl alcohol the equivalent conductivity at 25°C. is given by the equation: 
A, = 104-78 + 1005c + 375c loge, where c is the concentration in moles per 
litre. Density data are also given.®®* The activity coefficient at 25°C. of 
potassium chloride in water-methyl alcohol mixtures has been obtained by 
e.m.f. measurements.*?’? Transport numbers in anhydrous methyl alcohol at 
25°C. have been seasured by the moving boundary method, using potassium 
chloride solutions of 0-005N. to 0-02N. The cationic transference number 
at zero concentration is 0-5001.°° The heat of solution in methyl alcohol 
at 0-0122M. is ~1-4lkg.-cal. per mole, the heat of transference from methyl 
alcohol to water being +2-94kg.-cal. per mole.*”? The solubilities of potas- 
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sium chloride in methyl alcohol, ethyl alcohol, acetone, and ether, have been 
tabulated. Errors are often introduced in extraction analysis by ignoring this 
solubility.*°° 

The solubility data for potassium chloride in ethyl alcohol reported in 
Mellor, Ii,543, have been extended by measurements in the anhydrous solvent 
at various temperatures, as shown in Table XL.** 


TABLE XL.-SOLUBILITY OF POTASSIUM CHLORIDE IN VARIOUS ALCOHOLS AT 
TEMPERATURES FROM 20°%50°C, (MILLIMOLES/MOLE SOLVENT) 


Temperature, °C. | Ethanol n~Propanol | tsoPropanol | n~Butanol | iso Butano 


0-0700 
0-0796 


0.0793 
0.00773 
0.00683 
0.00473 


The solubilities of potassium chloride in solutions of ammonium nitrate in 
ethyl alcohol show deviations from the Debye~Hitickel theory, but with a mod- 
ified treatment of the interionic forces, the results can be shown to agree at 
least qualitatively.°°** Evidence based on activity data suggests that there 
is no solvation of potassium chloride in ethyl alcohol-water solutions.°” 
Potassium chloride in ethyl and propyl alcohols is reported to show a negative 
temperature coefficient of viscosity.°°* The surface tension of 0-99 molal 
potassium chloride in 2-03mole% aqueous methyl alcohol is 54-45 dynes/cm.; 
for a 1-99m. solution, 53-08; for 2-98m., 52-01; and for 3-97m., 51-51.%°° 
Various aspects of ‘salting out' have been studied using aqueous ethyl 
alcoholic solutions of potassium chloride, primarily from the viewpoint of the 
heats of solution of potassium chloride in this solvent.2"* Solutions of potas- 
sium chloride in 50% aqueous ethyl alcohol at 10°C. dissolve more of certain 
organic compounds, such as benzene, carbon tetrachloride, and methyl sali- 
cylate, than does a simple 50% aqueous ethyl alcohol; this effect is known 
as ‘salting in'.°°? The electrical conductivity of potassium chloride in 
aqueous ethyl alcohol indicates complete dissociation.°’® | Mixed crystais ot 
rubidium and potassium chlorides are fonned when an alcoiwlic solution of 
these salts is saturated with hydrochloric acid.°°° The ternary system KCI- 
9°7 A compound of 
the formula 5KCI,6HgCl, 2EtOH is reported to be obtained from the system 
KCl-HgCl,-EtOH studied at 34°C.*°® The ternary systems KCI~H,O~propyl 
alconol at 25°C.,°°°°*° and KCI-H,O-tert.-butyl alcohol at 30°C.,°** have been 
studied. The solubilities of potassium chloride in anhydrous iso~andn- 
propyl and butyl alcohols at various temperatures are given in Table XL.°* 
Conductivities of potassium chloride, measured in isopropyl alcohol-water 
mixtures, are in accord with current electrolyte theory.”°’*? The conductivity 
of potassium chloride in glycerol at 25°C. is related to the water content and 
can, in fact, be applied to determine the moisture content.°** The solubility 
of potassium chloride in ethylene glycol is given in Table XLI.*** The system 


KCl-allyl alcohol-water, which has two critical solution points, is reported.’*° 


The solubility of potassium chloride in anhydrous formic acid at 18° and 
25°C., is 19-1 and 19.2g./100g. solvent, respectively.**’ The equivalent 
conductivity at infinite dilution of potassium chloride in anhydrous formic acid 
at 850°C. is 35-8.°*° The solubility in anhydrous acetic acid is given in 
Table XLII.°% The surface tension of a 1-018 molal solution of potassium 
chloride in 0-353mole% aqueous acetic acid is 69-49 dynes/cm.; in a 2-037 
m. solution, it is 70-43; in 3-056m., 71-30; and in 4-074m., 72.31.°° 

The system KCl-acetone~water, which has two critical solution points, 
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TABLE XLI.-SOLUBILITY OF POTASSIUM CHLORIDE IN 
ETHYLENE GLYCOL AT 30°C. 


% Glycol g.KC1/100 g. solvent 


TABLE XLJ.-SOLUBILITY OF POTASSIUM CHLORIDE IN ANHYDROUS ACETIC 
ACID (MOLE PERCENTAGE OF SOLUTE) 


is described.?*® The electrical conductivity of potassium chloride studied 
in acetone-water mixtures at 20° and 25°C., over a range 5—100% by volume 
of water, shows that the conductivity at infinite dilution decreases as the 
acetone content increases until the mixture contains 85% of acetone. Further 
increase in the proportion of acetone causes a-slight rise in equivalent con- 
ductivity at infinite dilution. No minimum is observed at other concentra- 
tions.°*’ Ion exchange equilibria in a sulphonic acid resin have been studied 
using potassium chloride in aqueous acetone.”* Freezing point data for 
potassium chloride in dioxan-water solutions are in accord with theory.” 
Data on the systems: KCl-n-C,H,.0.C,H,OH-H,O and KCl-iso-C,H,.0.C,H, 
OH~-H,0O, which have two critical solution points, are reported.?*° Potassium 
chloride is sparingly soluble in diacetone alcohol and very sparingly soluble 
in methyl isobutyl ketone.°?° The systems KCI-Et,N-H,O at 0°, 10°, and 
15°C.; KC1-C,H, N-H,0 at 0°, 20°, 50°, and 80°C.; and KCl-C,H,.N=1.Gem 
20°, 40°, 60°, and 80°C., are reported.°** The electrical conductivities of pot- 
assium chloride in pyridine-water mixture (€ from 12 to 68), show the salt tc 
be completely ionised in this medium.””* The solubility of potassium chloride 
in acetonitrile, at both 18° and 25°C., is 2-4 x 107° g./100 g. solvent.**? The 
electrical conductivities at 3°, 20°, and 40°C.°?* and the activity coefficients” 
of potassium chloride in formamide solution (€ ranging from 118 to 103, within 
the temperature range 3° to 40°C.) give no indication of ion association. 
The densities, viscosities, and conductivities, at 30° to 60°C., of potassium 
chloride in N-methylacetamide (€ = 178-9 at 30°C., 138-6 at 60°C.) for con- 
centrations from 5 x 10™* to 1M., show good agreement with theoretical values 
up to 0-3M.°”*° 


Vapour Phase. 

The saturation current in potassium chloride vapour at 550°C. between 
copper electrodes at 90V. is about 10 *amp., the potassium chloride being 
dissociated at about 0-002% at this temperature.°*° The heat of dissociation 
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of gaseous potassium chloride is calculated as 101-2kg.-cal.°?” The vapour 
of potassium chloride at a pressure of 2mm. of mercury has an estimated 
ionisation potential of §v.°"* The effect of potassium chloride and potassium 
chloride-sodium chloride mixtures in a carbon arc is to produce a drop in the 
potential of the arc.°” The ionisation produced by potassium chloride in a 
coal gas flame has been measured.”*° The change in electrical conductivity 
of hydrogen “oxygen and hydrogen~chlorine flames caused by the addition of 
potassium chloride, increases initially with the salt concentration, and then 
passes through a maximum.°?! 


Chemical Reactions 


Much information concerning the chemical behaviour of potassium chloride 
in various systems has already been given. (vide supra.) 

The equilibrium constants for the heterogeneous system: KC] + HBr = 
KBr + HCl, are 8-33 and 6.10, at 765° aad 850° C., respectively, the heat ot re- 
action being -8500 g.-cal. The solid phase is an ideal solution of the two 
salts.°*? The reaction between paiaseitn chloride and caesium bromide,°** 
and lithium fluoride, lithium bromide, rubidium fluoride, and caesium fluoride 
in the melt is in accord with the law of mass action. In general, the heavier 
cation and the heavier anion tend to crystallise together. Potassium chloride 
and caesium bromide react in the dry state, equilibrium being attained in three 
days at 477°C.°** In the reaction between potassium chloride and ammonium 
sulphate, the most complete transformation to potassium sulphate takes place 
at 700°C. with an excess of not less tian 40% of ammonium sulphate.°®® 
Data on the limits of composition between which reaction takes place in the 
(NH,),Cr,0,-K Cl and (NH,),Cr,0,-K,SO,-KCl systems, show that for the for- 
mer, no reaction occurs with more than 13% of potassium chloride. Ternary 
diagrams showing the limits are reported.°** The reaction between ammonium 
bicarbonate and potassium chloride gives a maximum yield of potassium car- 
bonate at 5°C. in 85% ethyl alcohol solution. No potassium carbonate can 
be produced from aqueous solution.**’ 

Selenium oxyfluoride combines with potassium chloride to yield a coloured 
compound of unspecified composition.”** Phosphorus pentachloride, which 
does not panel. react with potassium chloride, does so in the presence of 
iodine monochloride, the compound of the formula KPCl, being formedin 
solution.°*”°*° Iodine monochloride may also be used. as a solvent in effect- 
ing combination with antimony pentachloride to yield the compound KSbCI,.°*° 
The mixture, after being heated for several hours at 50°-G60°C., is extracted 
with carbon tetrachloride to remove the reaction product. The compounds 
K,VCl,, which is orange-red in colour, and K,SnCl, (in an impure form), may 
be prepared in a similar manner, using vanadium tetrachloride and stannic 
chloride respectively.”*° There is some evidence that the vanadium salt is 
also formed when the products of chlorination of vanadium are passed over 
potassium chloride. The product is decomposed on heating in a stream of 
chlorine, the vanadium volatilising apparently as the tetrachloride.™™ The 
solubility of platinum in aqueous hydrochloric acid, normally minute, is said 
to be increased so considerably by the presence of potassium chloride as to 
introduce serious errors into analyses involving the use of platinum vessels. | 
The metal is also attacked by the molten salt in the presence of hydrogen chlo- 
ride, the compound K,PtCl, being first formed and thereafter decomposing on 
solidification to yield the salt K,PtCl, and metallic platinum.**? The action 
of molten potassium chloride on nickel, copper, and various steels, has also 
been investigated.” Decomposition of the salt begins at 470°, 475°, 480°, 
490°, 500°, 505°, and 510°C., on copper, on vanadium, on molybdenum and iron, 
on tungsten, on manganese, on cobalt, and on zinc, respectively.°** Gaseous 
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potassium chloride attacks silica to form the compound K,SiCl,, but only if 
hydrogen chloride is present.*** At 1000°C., silica refractories are but 
slightly attacked by the dry vapour even after 367hr., but aluminous mat- 
erials, and especially fireclay, are less resistant.”*°°*” The existence of the 
compound KHCl,, which is stable only at high temperatures, has been rep- 
orted.”** Potassium chloride reacts with boric acid in accordance with the 
equation: 3KCl + H,BO,; —~ K,BO, + 3HCl.~ The reaction, which begins at 
450°C., is complete at 900°C.°** The chemical kinetics and mechanism of 
the decomposition of solid potassium chloride in a stream of nitric acid 
vapour, air, and water vapour have been investigated with particular reference 
to the grain size of the salt and the catalytic influence of the water vapour 
present. The reaction, as represented by the basic equation: 3KCl+4HNO, 
—+> 3KNO, + NOCI + Cl, + H,0, decreases rapidly in velocity and ceases 
after only a fraction of the chloride has been converted.’*? Two further 
investigations of the reaction have been described.”°°** The formation of 
microcrystals of potassium nitrate on crystals of potassium chloride, when 
the latter are exposed to a-rays from polonium in the presence of moist air, 
has been described. The action is attributed to the oxidation of atmospheric 
nitrogen to nitrogen peroxide, the latter forming nitric acid with traces of 
moisture.’°*? The conversion of solid potassium chloride to the sulphate by 
treatment with a stream of sulphur dioxide carrying air and water vapour, and 
using ferric oxide as a catalyst, has been investigated.?* The thermo- 
dynamics ofthe reaction of potassium chloride with calcium sulphate have been 
investigated, particular attention having been paid to the various forms of 
calcium sulphate which can be employed and to the solubilities of intermed- 
tate double salts.?* [he reaction: ZKCl + Br, > 2K br + Cl, has been 
studied at 804° and 905°C., at which temperatures the double anions Cl? and 
Br,” are thought to be present. At higher temperatures, for example 1250° Co 
the latter are said to split into ions carrying single charges.?°* With bromine 
and iodine, potassium chloride in aqueous solution forms, respectively, the 
complex trihalides KCIBr,?*° and KCII,,?°°°’ the equilibrium constants of 
which are 18 x 107* and 3. 0 x 107! at 16°C, The solubilities of iodine and 
bromine in solutions of potassium chloride of up to several moles/litre, deter- 
mined at 30°C., have provided evidence for polyhalide formation.”** Crystals 
of potassium chloride, after being heated in vacuo, show an alkaline reaction 
to phenolphthalein in aqueous solution, the effect being greater if the crystals 
are crushed before heating, presumably because it is due to. hydrolysis by 
adsorbed water.”°° The degree of ionisation of potassium chloride directed 
as a molecular beam against a pure or an oxidised tungsten surface has been 
calculated as a function of temperature from the value of the positive ion 
current. On oxygen-free surfaces at 1800°—2380°K., surface dissociation of 
the halide molecule is followed by the liberation of chlorine and partial ion- 
isation of the potassium.” 

Potassium chloride has been used both as a catalyst and as a promoter 
of other catalysts. A pyrites ash promoted with 1% potassium chloride is 
used in the conversion of hydrogen-carbon monoxide mixturesto hydrocarbons. 
The proportion of olefins in the product, as well as the overall yield, is in- 
creased by promotion of the catalyst.*** Ethyl chloride is converted to ethyl- 
ene and hydrogen chloride by passage over heated potassium chloride or 
other catalysts promoted with potassium chloride.*®* The addition of potas- 
sium chloride to potassium chlorate accelerates the thermal decomposition of 
the latter;’°* similarly for potassium perchlorate the rate of thermal decompo- 
sition is accelerated, but in this case the induction period is reduced.?* In > 
both cases the cumlyele activity varies with the history of the potassium chlo- 
ride employed. Potassium chloride appears to act catalytically in the oxida- 
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tion of carbon by air by reason of the ability of the chloride ion to act as an 
oxygen carrier by the formation of perchlorate.*°* The ignition temperature of 
carbon is thereby lowered by about 100°C.’°° The reaction of nitric oxide and 
carbon at elevated temperatures is catalysed by potassium chloride.’®’ Potas- 
sium chloride exerts an inhibiting effect on the explosion of "nitrogel" and am- 
monium nitrate mixtures.°° 

The solution of dolomite in sulphuric acid*®? and of aluminium in hydro- 
chloric acid®’® is accelerated by the addition of potassium chloride. Potas- 
sium chloride along with many other salts catalyses the decomposition of 
hydrogen peroxide, the catalytic activity of the salts following closely the 
Hofmeister series for the adsorption of ions from solution.°’* The exchange 
of sulphur in the sulphur dioxide-thionyl bromide system is catalysed by 
potassium chloride.°’? The retardation of the iodine~ferrocyanide reaction” 
and the persulphate-oxalate reaction®”* by the addition of potassium chloride 
is reported. 

The recombination of hydrogen and oxygen atoms and hydroxyl radicals 
is particularly efficient on a surface coated with potassium chloride.°’® 
This ease of recombination has a direct effect on the explosion limits of the 
hydrogen-oxygen mixture,’’° and on the formation of hydrogen peroxide in 
Meeecmbustion reaction.*”’ In the case of lead and potassium chloridethe 
activity of the catalyst is merely an additive function of the separate lead 
and potassium chloride activities.’’* Potassium chloride-coated surfaces 
have- been employed in numerous other investigations of chain reactions, 
such as the oxidation of cyclopropane,’’’ formaldehyde,®*° and hydrazine, or 
the thermal decomposition of normal paraffin hydrocarbons.*%* Potassium 
chloride dust has been shown to be an effective quenching agent for an ignited 
mixture of methane and air.** 

Quantitative observations of the corrosive action of aqueous potassium 
chloride on various common metals’** have given much information about the 
Structure, composition, and mode of formation of the resulting corrosion 
products, and in many of the sources cited below the mechanism of the part- 
icular corrosion process is discussed on theoretical grounds. A general 
survey of the phenomenon covering both ferrous and non-ferrous metals, in the 
presence and absence of air, has been published.”° The rate of attack on 
magnesium‘immersed in a 2-0 N. solution of the salt at 10—50°C. is determined 
firstly by the chemical reaction and secondly by the diffusion of reaction 
products.**° From studies of the kinetics of the corrosion of magnesium in 
potassium chloride it is postulated that bound water reacts more rapidly with 
magnesium than does free water.’*’ If in addition to potassium chloride the 
solution contains the chloride of a metal more noble than magnesium, local 
cells are formed, and under given conditions corrosion proceeds at a constant 
speed.*** The activation energy of the reaction increases with increasing 
concentration of the second chloride.”°? The structure, distribution, and 
composition of deposits resulting from the immersion of aluminium in 0-001 
—2-:0N. solutions of potassium chloride have been described and their mode 
of formation has been explained.??? At 20°C., over a period of 50 days, the 
rate of corrosion over the range 0-001-—3-0N. may be expressed by the equa- 
tion: Ag = kC%, where Ag represents the loss in weight and C the concentra- 
tion, k and @ being constants. For shorter periods of, say, Il5days the 
equation is, however, invalid.??* The corrosive action e. 23-25% solutions 
of potassium chloride on age-hardened duralumin, on copper~aluminium alloy 
No. 12, on silium, and on annealed and hard coiled Shea aluminium has also 
been studied. A film of hydrogen bubbles and a white deposit appear almost 
immediately at room temperature and pronounced etching follows with the 
two alloys first mentioned.”? The rate of corrosion of lead in 0-001-—2.0N- 
potassium chloride at 20°C. first increases with concentration, attaining a 
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maximum at 0-05N., and thereafter decreases until at 2-0N. a second increase 
begins. The primary and secondary corrosion products are, respectively, 
lead chloride and a basic salt, thought to have the composition PbCl,,2Pb- 
(OH),.""> In aerated solutions of potassium chloride at dilutions exceeding 
0-O01N., the compound 2PbCO,,Pb(OH), is formed, while in those in the 
range 0-001—0-5N., the basic chloride mentioned above again appears. The 
increased rates of corrosion at 0-005N. and above 2-0N. have been attributed, 
respectively, to the crystalline structure of the deposit and to the formation 
of water-soluble lead chloride complexes.?** Investigation of the corrosive 
action of a boiling 10N. solution of the salt on copper, on lead, and on 
zinc, in the presence of air shows that copper is attacked a little, lead more 
so, and zinc scarcely at all, under these conditions. The addition of sodium 
acetate, boric acid or acid sodium phosphates does not affect the process to 
any marked extent, indicating that hydrogen ion concentration plays no part 
in the reaction.’** Solutions containing 300-350 g./l. of potassium chloride 
in addition to 80-100g./l. of sodium chloride, 50-70g./1. of potassium 
chlorate, and 0—3g./l. of sodium hydroxide are without corrosive action on 
lead and iron up to periods of 3days. In the absence of sodium hydroxide, 
however, the metals corrode to an extent exceeding 300g./sq.m.. in that 
period.”’® The corrosion of steel immersed at 20°C, in 0-001—2-0N. solutions 
of potassium chloride for several weeks decreases as the concentration increases 
within this range. Ine rate of attack slackens with time, becoming constant 
after 2days.°°’ It has been stated that corrosion by a 0-1N. solution of the 
salt slightly exceeds that of a 1-0N. solution,’ but another author says 
that under static conditions, the rate over a 15day period is independent of 
concentration in the range U-001—1-0N.°” In a 1N. solution, an increase in 
carbon content of the steel causes a moderate acceleration of the rate of 
corrosion.» The existence of radial currents during the corrosion in air 
and in nitrogen of a pole-piece of a mild steel electromagnet by a drop of © 
potassiv: chloride solution adhering to it, has been demonstrated by showing 
that tue drop is deflected rotationally on reversal of the field current of the 
magnet. The rotation in nitrogen is less than in air, its direction depending 
on that of the field flux.*%°° The corrosion of steel by nitric acid is inhibited 
by potassium chloride owing to cathodic processes.°°% At 35°C., and for 
relative humidities exceeding 50%, solid potassium chloride is sufficiently 
deliquescent to corrode mild steel. Protection by heavy greasing has been 
proposed.*°°* The corrosion of nickel, copper, Ni-Cu alloys, Ni-Fe-Cr 
alloys, bronze, brasses, aluminium and its alloys and iron and steel speci- 
mens in contact with the solid salt under the influence of atmospheric condi- 
tions of temperature and humidity has been investigated.*°* The rate of 
corrosion of mild steel by dilute solutions of potassium chloride is expressed 
by the equation: i, = /plq/(Ip + 1q), io, Ip, and /q representing the corrosion 
current, the cathodic protection current, and the anodic protection current, 
respectively. Values: obtained from this relation accord to within 10% of 
those observed experimentally.*°* In a corrosion cell consisting of iron 
electrodes immersed in neutral solutions of potassium chloride differing in 
temperature, the metal in the cooler section constitutes the cathode, and in 
the warmer solution the anode. The addition ot potassium nitrate causes a 
reversal in polarity and the formation of thin films on the surface ot the iron. 
When the combined normality of the solution exceeds about 0-1, the current 
generated is’ sufficient to provide almost complete protection of the cathode 
from the effects of local corrosion.*°* Potassium chloride inhibits to some 
extent the corrosion of certain nitrided steels by dilute sulphuric acid, but 
it does not suppress localized corrosion.*°°° The exposure of zinc platin 
to air increases its resistance to corrosion by aqueous potassium chloride.’ 
In fully oxygenated solutions of the salt, the corrosion rate for zinc is greatest 
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at concentrations between 0-001 and 0-IN. At greater dilutions, the rate is 
controlled by the chloride ion and at higher concentrations by the oxygen. 
In open vessels, the rate decreases rapidly with depth of immersion of the 
specimen, up to a depth of 1-Scm. The onset and development of the cor- 
rosion process have been described and explained.’°* As the concentration 
of the solution increases corrosion of the zinc increases to a maximum veloc- 
ity, and decreases as the solution approaches saturation. When the concen- 
tration exceeds 0-0001N., hydrogen is evolved. In later stages, the corrosion 
rate depends both on concentration and on the rate of withdrawal of chloride 
ion either by precipitation or by other processes.*®? The kinetics of the 
onset of the corrosion of copper by aqueous potassium chloride are of the 
first order with respect to the concentration of oxygen and of hydrogen ion.*”*° 
The corrosion of nickel, copper and various alloy steels by fused potassium 
chloride and by the vapour has been investigated.**™ 


Analytical 


The separation of potassium chloride from lithium and sodium chlorides is 
effected by paper chromatography, using as solvent absolute methyl alcohol or 
80% ethyl alcohol-20% water mixture (by volume), or 80% acetone—20% water 
(by volume).*°* The method may be applied quantitatively.** A method for 
the continuous separation of potassium chloride and lithium chloride by 
paper chromatography is described.*™* 

A mixture of ethyl alcohol and ether has been employed to separate quan- 
titatively magnesium chloride and potassium EE OHCe the former being readily 
sojuble.*°* 

When crystals of potassium chloride are dried at 500°C. water is lost 
and a weight loss of 0-06-0-97% occurs. At 900°C., there is a further loss 
of 0-07—0. 11%, to give completely anhydrous material.""° 

Ion exchange techniques are readily adapted to the analysis of potassium 
chloride solutions.!”” 

For the analysis of mixtures of sodium and potassium chlorides, elec- 
trolysis at a controlled potential can be applied, although the results are 
not particularly good for potassium.*”* 

Flame photometry has been applied successfully to the determination 
of potassium chloride in barium chloride.*? Further application of flame 
photometry can be expected, employing more sensitive flame spectrophoto- 
meters. The separation of potassium, rubidium, and caesium chlorides by 
extraction with a solvent containing hydrochloric acid and aqueous alcohol 
(4ml. water and 10ml. HCl-saturated ethyl alcohol) is reported; the solu- 
bilities in 10 ml. of this solvent being 0-075, 1-22, and 11-4 mg., respective- 
ly.*°2° Various potentiometric methods have been suggested, among which 
can be mentioned the high frequency titration of potassium chloride by silver 
Nitrate or mercuric nitrate in the concentration range 0-1-0-01N.,*°% and 
the direct potentiometric titration, using a glass electrode, of 0-1N-potassium 
Seti detwith 0-1N-silver nitrate,!°?? 


Applications 


In addition to the well-known uses of potassium chloride as a fertiliser 
and as a heavy chemical for the industrial production of a large number of 
potassium compounds, the salt has numerous other applications. It is em- 
ployed extensively as a constituent of fluxes,*°°"'°* and of salt baths*®” in 
metallurgical operations, and of agents for depassing'®”” and purifying various 
non-ferrous alloys.'°?* A mixture of the chlorides of potassium and lithium 
at 450°C. extracts, almost quantitatively, rare-earth metals formed as fission 


products in uranium~bismuth fuels.*°?? - Explosions in petroleum pipe-lines may 
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be arrested by the action of a dust screen of the salt set up by the incident 
pressure wave,’°*° and the employment of porous flame traps coated with the 
salt has been suggested to control the combustion zone in a device, using a 
gas turbine, which may be used for the production of acetylene.*°** Potas- 
sium chloride crystals containing silver may be used in scintillation coun- 
ters:'°*? reference to other systems suitable for the detection of radiation 
have already been made (see page 1672). The molten compound KC1,SnCl, has 
been - suggested as a tinning dip for various ferrous and copper alloys.*°* 
Potassium chloride may be used as a constituent of long-persistence screens 
in cathode ray tubes’®*** and of ultra-violet fluorescent materials.’°** A 
eutectic mixture of the salt with lithiur: chloride has a higher rate of change 
of resistance with temperature in the solid than in the molten state, and so 
may be used for the thermoelectric control of various electrical devices.**”° 
The use of a battery consisting of an assembly of ion-exchange membranes, 
with solutions of potassium chloride in the various compartments, has been 


suggested as a source of electrical energy.*°*’ 
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SECTION LII 
POTASSIUM BROMIDE 
By W. H. LEE and M, F.C. LADD 
Preparation 


The preparation of chemically pure potassium bromide from pure starting 
materials, rather than the attempted purification of a less pure salt, is recom- 
mended. In the Balard process, potassium hydroxide is treated with bromine; 
the reduction of the bromate, formed simultaneously, is best effected by hyd- 
rogen sulphide, or by barium hydrogen sulphide, Ba(HS),. Potassium bromide 
has also been manufactured by treating bromine, under water, with crude bar- 
ium sulphide, BaS: the hydrogen bromide and barium bromide thus formed are 
allowed to react with solid potassium carbonate.’ 

Commercial grade potassium bromide may be made by treating iron scrap 
with steam and bromine vapour forming Fe,Br,, and adding potassium hydroxide 
solution: Fe,O, is precipitated, and the potassium bromide is then recrystal- 
lised. 

Substantially pure potassium bromide is obtained by treating potassium 
carbonate with free bromine, followed by fractional crystallisation of the pro- 


_duct.* The formation of bromate, on heating, is prevented by the presence of 


activated carbon;* alternatively, this reaction may be carried out in the pre- 


sence of ammonia.° 


From technical grade potassium chloride, pure potassium bromide was ob- 
tained, in 86% yield, by distillation with 48% hydrobromic acid (the constant- 


- boiling mixture). All the hydrogen chloride, with a very small amount of 


hydrogen bromide, was removed, and the salt separated in the flask.°® 

A review of the various commercial methods for the preparation of pot- 
assium bromide has been published.’ 

Potassium bromide may be purified as tollows. Sulphate is removed by 
treatment with a barium halide; hydrogen peroxide is added to oxidise iron, 
and alkaline earths present are precipitated as carbonates; on boiling the 
alkaline solution, aluminium, magnesium, and silicon are removed, and after 
acidification and removal of carbon dioxide, crystallisation yields the purified 
salt.° 

Large crystals of potassium bromide have been obtained by drawing a 
water-cooled spindle up from the melt; such crystals are suitable for infra-red 
dispersion measurements.’ Another technique for producing large single 
crystals of potassium bromide, suitable for optical use, involves lowering a 


crucible charged with the bromides and having a pointed base through a tem- 


perature gradient which includes the melting point of the salt.* 
Special furnaces for growing single crystals of several pounds weight are 
described; the crystal is obtained by progressively racking up a seed sus- 


pended above the melt." Large single crystals have also been grown by 


floating a crystal on the surface of the molten potassium bromide, and the 
elimination of cooling strain has been discussed.” 
X-Ray measurements by the powder method indicate that up to 1% of iso- 


- morphous impurities has negligible effect upon the unit cube distance a.’ 
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The crystalline form may be modified, however, by growing from solutions con- 
taining impurities; for example, addition of sodium nitrate (d 5-07) to pot- 
assium bromide solution produces octahedral faces on the bromide crystals 
(d 4-70), but the effect is not observed with sodium chloride (d 3-07), these 
figures being the interionic distances, in A., in the (111) plane, -all the tons in 
one plane being alternately metal and halogen. ne 


Physical Properties 


The lattice constant and the density of potassium bromide have been re- 
determined, with the results listed in Table I. 


TABLE I.- LATTICE CONSTANT AND DENSITY OF POTASSIUM BROMIDE 


15 


16 
Mellor, II, 579 


It seems probable that the best values of lattice constant and density -are those 
of ref. 16. 

The lattice energy has been re-calculated, and the values obtained are 
listed in Table II. 


TABLE II.- LATTICE ENERGY OF POTASSIUM BROMIDE 


U (kg.-cal./mole) 161 | 162 |159 160 
Ref. 19 20 20 | Mellor, II, 579] 
Method b Cc d 


a: From thermal ionisation, and estimation of ion-concentration 
in the vapour (vide Mayer’), 

6b: Calculation, assuming basic ionic radii. 

c: Modified Born—Haber cycle. 

d: Electrostatic model calculation, allowing for dipole-dipole, 
and dipole-quadrupole, interactions. 


Oriented overgrowths are reported for potassium bromide on lithium chloride, 
potassium chloride, sodium chloride, and Joplin galena — all these being cubic 
structures. The crystallographic axes were parallel to those of the sub-- 
strate.7"779?° On orthoclase, various orientations of potassium bromide were 
noted.** On mica, potassium bromide is oriented to the larger atomic network 
of the substrate.” On calcium carbonate and sodium nitrate, regularity is 
shown: by deposits of potassium bromide up to10A.thick, but random orient- 
ation is observed at thicknesses over 150A.*° : 

The refractive indices of potassium bromide, at wave-lengths from 7699 to 
4047 A., are recorded in Table IIJ.*’ 


TABLE III.- THE REFRACTIVE INDEX OF POTASSIUM 
BROMIDE, FROM 7699 A. TO 4047 A. 


Deas [Source ofradition [hw [Pama 
K 


1-54780 | 1°54980 
He 1°55245 | 1°55217 
155444 | 1°55416 
1:55503 | 1-55475 
1°55986 | 1°55958 
1:55998 | 1°55970 
1°56395 | .1-56367 
1-56948 | 1-56920 


continued on following page 
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TABLE III.- CONTINUED. 


Source of radiation ae ee 


4922 ~1+57085 | 1°57057 
1°57181: |. 1°57153 
1°57429 | 1-57401 
1-57896 | 1°57868 
1:58149 | 1°58121 


1:58976 | 1°58948 


The temperature coefficient was found to be 4-4 x 10° per °C. 

Measurements of refractive indices have been made over the range 14u to 
26:71, using a potassium bromide crystal prepared as previously described,” 
having a facial area of Gem. x 8-Scm. The results are given in Table IV.” 
TABLE IV.- REFRACTIVE INDEX OF POTASSIUM BROMIDE, FROM 14u TO 26:7u 


The dispersion of potassium bromide in the infra-red is also shown in 
Bic. 1,7 


20 


Refractive index (n) 


oO 


O-Il 0:5 0 10 


100 
Wave-length in microns (u) ——>- 


. FIG. 1.- DISPERSION OF CRYSTALLINE POTASSIUM BROMIDE IN THE INFRA-RED 


The vapour pressure of fused potassium bromide has been measured at tem- 
Peratures between 1100° and 1375°, as tecorded in Table V.*° In this Table, 
‘ t calc, is the temperature calculated from the relationship:- 


8200 
lobe ie rica 7 * 5-055, T being in °K 


The melting point of potassium bromide is 728° and the boiling point 1376°% 
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TABLE V.- THE VAPOUR PRESSURE OF POTASSIUM BROMIDE 


The vapour pressure of potassium bromide at 1250°C. is 280+2mm.* 
The compressibility, «x, of potassium bromide, and its variation with tem- 
perature and pressure, have been measured, with the following results:- 


LOn Kone a lake (Jx/OP) 7* (Ox/AT)p 
6-70 5:5 3-18x Ta 6-0 x 10°* 
*for pressures up to 12,000 atm., and t = 30°~75°C. The estimated errors are:- 
Ke il Ye. (dx/dP) 5%: (x/dT), 20% 


Some elastic properties of sect bromide ae been determined in tlex- 
ure, and are quoted below. The thermal expansion was also measured in this 
study of optical materials,** and results are listed in Table VI. Other pro- 
perties are:- Young’s modulus, 2-7 x 10°? dynes/cm.’; apparent elastic limit, 
1-1 x 10’; modulus of rupture, 3-3 x 10’; modulus of rigidity (measured in 
torsion), 0-508 x 10"; elastic moduli: c,, 3-45, c,, 0°540, ¢,, 0°508 x 10°". The. 
units for all the above properties are dynes/cm.* 


TABLE VI.- COEFFICIENT OF EXPANSION OF POTASSIUM BROMIDE, a x 10°/°C.* 


74% 


t° (range) 


50 to +20 
20 to 100 


20 to 200 


Values of the thermal resistivity aa potassium bromide, at various temper- 
atures, are listed in Table VII.* 


The specific heat of potassium bromide, within the range 20° to 660°, is 
given by the equation:- 
aa, 0-1021 + 1-94 x 10°°¢t 
Deviations from this expression are generally of the order of 0-1%. The heat 
Capacity is given by:-** 


Cp = 12-11 + 4-61 4 10%¢ 
Precision measurements of the enthalpy of potassium bromide are recorded 
in Table VIII.*° 


The enthalpy, and free energy, of formation of potassium bromide, have 
been re-determined, as follows:-?’ 
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AHS 25°, = -94-2kg.-cal. AG®, 25°, = -90-5kg.-cal. 


These values are in good agreement with the results of electromotive force 
measurements on amalgam cells:-°*’ 


AH°,o3 = -93+89kg.-cal., AG®,., = -90-48kg.-cal. 
The entropy of potassium bromide is 23-05g.-cal./mole°C., at 298-16°K.** 
TABLE VII.- THERMAL RESISTIVITY OF POTASSIUM BROMIDE 


re. Te [re |e! 


. po, thermal resistivity, in watts/cm.°C. 
TABLE VII.- ENTHALPY AND HEAT CAPACITY, OF POTASSIUM BROMIDE 


Ree H, kg.-cal./mole Cp. g.-cal./mole 


The thermal expansion of potassium bromide at low temperatures has been 
determined by toluene pycknometers and gas-displacement pycknometers, 
which are described.*® 
Within the range -184° to -79°, the volume expansion coefficient, 3a, is 
0-000101; within the range -79° to 0°, 3a = 0-000110. Within the range 0° .to 
50°, 3a = 0-000118.*° 

Thermal expansion coefficients have also been determined by X-ray mea- 
surements, and the values compared with those: determined by macroscopic 
methods.*! 


Temperature range 18 - 100° 18 - 190° 
X-Ray value, a 40,5 x 10°) Ale7ex 107° 
Macroscopic value, a 40-8x 10° 41-4 10° 


The rate of vaporisation of potassium bromide depends upon particle size, 
and is a minimum at 4u;** the heat of vaporisation is 40-8kg.-cal./mole.** 
The boiling-point, and the critical temperature, are 1388°C, and 2575°C, res- 
pectively.** 

The electrical conductivity of single crystals, and of polycrystalline agg- 
regates, of potassium bromide, over the temperature range 490° to 730°, has 
been determined, and the results are recorded in Table IX.** 
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TABLE IX.- THE ELECTRICAL CONDUCTIVITY OF SINGLE CRYSTALS, AND 
OF POLYCRYSTALLINE AGGREGATES OF POTASSIUM BROMIDE 


10°«, single crystals 10°, polycryst. aggregates 


The average deviation of these results is +14%. The melting point of pot- 


assium bromide quoted by the authors is 740° (but see page 1741). The elec- 


trical conductivity has aslo been determined for mixed crystals of potassium 
bromide and potassium chloride, of composition 5-3 wt.-% KBr; these results 
are given in Table X.** 


TABLE X.- THE ELECTRICAL CONDUCTIVITY OF SINGLE CRYSTALS, AND OF 
POLYCRYSTALLINE AGGREGATES, OF KBr/KCl MIXED CRYSTALS, 
OF COMPOSITION 5-3 wt.-% KBr 


8s 10°, single crystals | 10°, polycryst. aggregates 


740 
720 
700 


680 
660 


640 
620 
600 
580 
560 
940 
920 


The average deviation of these results is +12:5%. The melting point of the 
mixed crystal was 776°. 


The electrical conductivity of molten potassium bromide, at the melting 
points of tin, lead, and zinc, has been determined.*® 


1° —-232(m.p.Sn) 327(m.p.Pb) 419(m.p.Zn) 
10°x 0-201 8-43 279 mhos. 
These results may be expressed to within 0-5% by the relationship:-* 
log rae + bt 


The molar conductivity of potassium bromide has been determined up to 1600°; 
over the temperature range 745-2° to 868-6° it follows the relationship; -‘7 


Ay = 90-09 + 0-1906 (t - 750°) 
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From the measurement of electrical conductivities, the terms ee and Ee 
the equation:- 


K= A, exp.(E-/KT) 


_have been determined, for the molten salt mixtures potassium bromide-barium 
bromide, potassium bromide-potassium nitrate, and potassium bromide-sodium 
chloride. These terms, together with the constants a and b in the density 
equation:- 


Po=a+t bee 


are recorded in Table XI.*® 


TABLE XI.-- CONSTANTS OF THE CONDUCTIVITY, AND DENSITY, EQUATIONS, 
FOR SOME MOLTEN SALT MIXTURES, AT 800°C. 


Wi hor, | é ; 
System (mol.-%) (kg.-cal./mole) Pa | 10% | 


KBr/ Bakr, 


KBr/KNO, 


pesrmeer| ao [wm | avo ar [a 


The specific conductivity of the system potassium bromide~potassium 
chloride has been studied, at temperatures above the melting point.*® In Fig. 2 
the specific conductivity k is plotted as a function of % composition, for 

= 645°; in Fig. 3, x is plotted against 1/7°, for the 85 mol % KBr mixture. 
The melting point-composition curve is plotted in Fig. 4,°° and compared with 
the results of this conductivity investigation, 

The decomposition potential of fused potassium bromide has been deter- 
mined, over the temperature range 736° to 962°;°' the results are listed in 
Table XII. 

A more recent investigation gives Aaa eae at 782° (E = 3-00 volts), but 
differs at 842° (EF = 2-38 volts).*? 

The order of the decomposition earns of metals in molten salt mix- 
ures differs with temperature and with composition of melt; in a potassium 
bromide-sodium bromide melt, the order was Na, Mn, Be, Al, TI, Za: 

The dielectric constant of potassium bromide has been measured at a num- 
ber of frequencies, between 250 and 3 x 10’ cycles per second. No definite 
dependence of dielectric constant upon frequency was found: the dielectric 
constant of potassium bromide determined by a resonance method is 4-61.** 
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0 50 100 


mol. % KBr'—— 


FIG. 2, SPECIFIC CONDUCTIVITY OF KCI-KBr SOLID SOLUTION 


ee 
t 16° 
£ 
fakes: 
oO 
10° 
10° 
5x10? 10 x10" 
T° — 
FIG. 3. SPECIFIC CONDUCTIVITY OF 85 MOL % KBr — 15 MOL % KCl SOLID 
SOLUTION 


The Stark method gives the value 4-87." 
with pressure has been determined:-*° 


-d In.K/dp = (1-17+0-09) x 10° 


The dielectric strength of potassium bromide is 0-7 x 10° volts/cm.°”*® 

Mixed crystals of potassium bromide and potassium chloride show add- 
itivity of lattice constant a, and the substitution in the lattice is random.°”°9* 
Equilibrium is reached by growing the crystals from solution, or from the melt€? 
Thus the heat of solution is the same for mixed crystals derived from the melt | 
or grown from solution. These heats of solution are listed in Table XIII.°* 
The heat of solution of potassium bromide, at t°, is found to be represented by:- 


The variation of dielectric constant 


Refs. p. 1779 


5201 BROMIDE 1747 


H , = -43-69 + 0-309(t - 15) 


780 


750 


0 50 100 
mol. % KBr —> 


FIG. 4. MELTING POINTS OF KCI-KBr SOLID ‘SOLUTIONS 
Solid line — ref. 50 
Dashed line --- ref. 49; 
temperature at which specific conductivity = 3-2 x 10° ohm™ m™ raised 100° 


TABLE XII.- DECOMPOSITION POTENTIAL OF FUSED POTASSIUM BROMIDE, 
AT VARIOUS TEMPERATURES 


(2 | Evo | ® | Evoits | | Evotts | 


2°878 
2°850 
2°824 


2°810 
2°764 


TABLE XIII.- HEATS OF SOLUTION OF POTASSIUM BROMIDE=POTASSIUM 
CHLORIDE MIXED CRYSTALS, AT 14:5. 


Wt.-% KBr 


Heat of Solution, g.-cal./g. 


The specific gravity and specific volume of potassium bromide-otassium 
chloride mixed crystals, have been determined, and are recorded in Table IVE? 

The system potassium bramide-potassium iodide shows additivity over a 
limited range only, and a minimum lattice constant is obtained.“ The system 
potassium bromide-ammonium bromide forms true mixed crystals of the sodium 
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chloride type, up to 40% NH,Br, and the law of additiyity holds over this range.® 
Lattice constants have been determined, for the system potassium bromide- 
rubidium bromide; they are given in Table XV.” 


TABLE XIV.- SPECIFIC GRAVITY AND SPECIFIC VOLUME OF POTASSIUM 
BROMIDE-POTASSIUM CHLORIDE MIXED CRYSTALS, FROM THE MELT, 
: TEMPERATURE RANGE 16°—18°C. 


Wt.-% KBr Calc. sp. Vol. 


TABLE XV.- LATTICE CONSTANTS OF MIXED CRYSTALS OF POTASSIUM 
BROMIDE-RUBIDIUM BROMIDE, AT 25°C. 


The heat of formation of mixed crystals of potassium bromide (40%) and 
potassium chloride: (6 0%) is approximately 230kg.-cal./mol., and varies with 
annealing time.° 

The molar heat capacities of solid solutions of potassium bromide-pot- 
assium chloride are recorded as functions of temperature in Table XVI.°° 


TABLE XVI.- MOLAR HEAT CAPACITY DATA FOR POTASSIUM BROMIDE- 
POTASSIUM CHLORIDE MIXED CRYSTALS, CONSTANTS IN THE EQUATION:- 
Cp = a+ 10°Bt — 10°yt? + 0-068.-cal./mol.°C. 


29 


50 
75 
100 


The surface tensions of molten salt mixtures have been determined, and 
are shown as functions of composition in Figs. 5, 6, and 7.° 

The electrical conductivity, and viscosity, of molten potassium bromide- 
silver bromide mixtures have been studied, at temperatures between 350° and 
600 °,”° as given in Table XVII. 

The magnetic properties of solid solutions have been studied.’”* For the 
systems potassium bromide-sodium bromide and potassium bromide-potassium 
chloride the molar susceptibilities are listed in Tables XVIII and XIX. 

In the mixed crystal series potassium bromide-potassium iodide, a min- 
imum in dielectric strength and a maximum in dielectric loss occur at 50% KBr, 
although for individual alkali halides the dielectric loss decreases, and the di- 
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5 fgets < . . 5 72 
electric strength, increases, with increas ing lattice energy. 


0 PQ > 40 60 

mol. % KBr —» 

FIG. 5. RELATIONSHIP BETWEEN SURFACE TENSION AND COMPOSITION FOR 
JHE SYSTEM KBr-KCl AT 750° AND 800°C 


110 


80 100 


" 100 

i 700° 

[= 

> 

ae) 

o 90 800° 

80 
0 20 40 60 80 100 


mol. % KBr. —>» 


FIG. 6. RELATIONSHIP BETWEEN SURFACE TENSION AND COMPOSITION FOR 
THE SYSTEM KBr-NaBr AT 700° AND 800°C 


140 


130° 
100 80 60 40 20 
—~<— mol. % KBr 


FIG. 7. RELATIONSHIP BETWEEN SURFACE TENSION AND COMPOSITION FOR 
THE SYSTEM KBr-AgBr AT 700° AND 750°C 


0 


X-Ray powder photographs have been used to study the rate of formation of 
solid solutions of the components potassium bromide-potassium chloride at 
several temperatures. It was found that the rate of dissolution of potassium 
chloride in potassium bromide was greater than that of potassium bromide in 
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potassium chloride. Equilibrium was very rapidly attained at 700°, but no 
appreciable solid solution formation had occurred at 400° after 100 hours. 
The equilibrium constant of the reciprocal salt pair potassium bromide-sodium 
chloride, in the fused state at 769°, is 1-75.73 


TABLE XVII. CONDUCTIVITY, AND VISCOSITY, OF MOLTEN POTASSIUM 
BROMIDE-SILVER BROMIDE MIXTURES 


Mol. aa 
Fraction, 
KBr. 


4-44 
1-256 464 


TABLE XVIIIL.- MOLAR MAGNETIC SUSCEPTIBILITIES OF FOTASSIUM 
BROMIDE-SODIUM BROMIDE SOLID SOLUTIONS 


Mol.-% KBr | -10’ yy | Mol.-% KBr | -10’yy 
10 65 


35 70 
40 80 
50 100 


TABLE XIX.- MOLAR MAGNETIC SUSCEPTIBILITIES OF POTASSIUM BROMIDE- 
POTASSIUM CHLORIDE SOLID SOLUTIONS 


Mol.-% KBr | -10’yy |} Mol.-% KBr | -10’yy 
Losren| 70 


35 
30 
65 


80 
90 


The refractive indices of dilute aqueous solutions of potassium bromide 
have been measured, and the molar refraction of the solute calculated, using 
the helium yellow line. The results are recorded in Tables XX and XXI.? 

The refractive indices of more concentrated solutions of potassium bromide 
in water are recorded in Table XXII.”5 
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TABLE XX.- THE Bence ys INDICES OF SOLUTIONS OF POTASSIUM BROMIDE 


0-00107 0°01375 
0:00599 ; 0°01428 


0:01006 : . 0°01411 
0:05000 ° 0°01396 
0:09990 ; ° 0:01397 


*5 is (nsolution — "water at t°C. 


TABLE XXI.- MOLAR REFRACTION OF POTASSIUM BROMIDE, 
IN AQUEOUS SOLUTION, AT 25°C. 


a 85 


TABLE XXII.- THE REFRACTIVE INDICES, AND MOLAR REFRACTION, 
OF POTASSIUM BROMIDE AT ae C. 


0-99707 | 1°33266 


1°11409 | 1°35158 
1°17601 | 1°36133 
123229 | 1°37008 
1°28410 | 1°37803 


1°34473 | 1°38721 


The temperature variation of [Rlp over the range 6° - 30°, is 8-0 x 107°.” 
The densities of aqueous solutions of potassium bromide have been mea- 
sured, with the results shown in Table XXIII. 


TABLE XXIII.- DENSITIES OF ee SOLUTIONS OF POTASSIUM BROMIDE 


ee ee ee ee ee ee 
e ( DA eo = @ or > @ e e e 


The relative supersaturation, A, for aqueous solutions of potassium brom- 


ide, defined by:- 


Xr Sel pial 6) 
Co 


where ¢ is the concentration of the supersaturated solution, and cg the equil- 
ibrium solubility at that temperature, has been measured. 2X has also been 
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calculated, using the relationship:- 
X= Aexp. (8/T) 
where B is a function of temperature 7. The values obtained,*® at 20°, are:- 
expe 0-056 


The critical temperatures of potassium bromide solutions in water have 
been measured, and are listed in Table XXIV.*! 
TABLE XXIV.- THE CRITICAL TEMPERATURES OF AQUEOUS SOLUTIONS OF 
FOTASSIUM BROMIDE 


t°c., (Solution) 


ealc., 


«lt 


Molarity 


0: 
0°04275 
0:0850 

0-171 
0°343 


The partial molal volumes of aqueous solutions of potassium bromide at 
25° have been measured with the results given in Table XXV.*? 


TABLE XX\V.- THE PARTIAL MOLAL VOLUMES OF AQUEOUS SOLUTIONS 
OF POTASSIUM BROMIDE 


foie |v [wolaney | 7 
0 


35°64 
0°04 


0°16 


Then radii of the ions K* and Br” have been calculated by extrapolation 
from the limiting volume occupied by the salt in saturated solution, to the hypo- 
thetical state where no water is present.®* On this basis re+= 159A, and 
Ta = 2.5 LA. } 

The volume expansion of aqueous solutions of potassium bromide is re- 
corded in Table XXVI.* | 


TABLE XXVI.-, VOLUME EXPANSION, 10° x 5V/5T, AS FUNCTION OF 
TEMPERATURE, AND WEIGHT FRACTION OF POTASSIUM BROMIDE (x,) 


| x, | of  o-05721 | — 0-10465 0-20357 0-29858 0-38908 


20 
25 
30 
35 


40 
Vig | 0 |  0-96237 | 0-92922 0-86112 0-79680 | 0-73655 | 


The quantity V refers to the specific volume of the solution. 

The apparent partial molal heat capacities of potassium bromide in aqueous 
solution have been evaluated.** At 25°, extrapolation to infinite dilution gives 
-29-Sg.-cal./mole; its rate of change with temperature is 0-3g.-cal./mole- 
degree over the range 18° to 25°. 


The apparent molal heat capacity of potassium bromide may be calculated 
from the equations:-*° 
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1 


OY gies oneal LO ea 20-466 mi? - 2-645m, at 25°, and 
P 


1 


Z 
bo = 731-135 + 14-111m? - 1-133m, at 30° 


P 
Heat data for aqueous solutions of potassium bromide are recorded in the 
following Tables, XXVII — XXXI. 
TABLE XXVIII. HEATS OF SOLUTION AND DILUTION, FOR AQUEOUS SOLUTIONS 
OF POTASSIUM BROMIDE AT 25°, EXTRAPOLATED TO INFINITE DILUTION.*’ 


Integral heat of solution -3-94kg.-cal./mole 


Differential heat of solution -3-31lkg.-cal./mole 
Differential heat of dilution ~6 4: 5g.-cal./mole water 


TABLE XXVIII.- INTEGRAL HEAT OF DILUTION AND PARTIAL 
MOLAL HEAT CONTENT, AT 25°C." 


Molality Integral heat of dilution | Molality | Partial molal heat content 
g.-cal,/mole g.-cal. /mole 
0 0 0 0 


* saturated. solution 


TABLE XXIX.- HEAT OF FORMATION OF AQUEOUS SOLUTIONS OF 
POTASSIUM BROMIDE"? (see also Fig. 8) 


Molecules water, per molecule KBr 


as integral heat of dilution of potassium bromide is recorded in Table 

The integral heat of dilution has also been measured in deuterium oxide- 
water solutions of potassium bromide, close to 100 mol % D,O; these results 
are given in Table XXXI.%! 

The integral free energies of solution are reported in Table XXXII.°? 

The heat of hydration of potassium bromide is 152kg.-cal./mole.** The 
assumption of equal heats of hydration of Ktions and F™ ions, made by Bernal 
and Fowler’* is rejected, the authors choosing AH, (Cs*) equal to AH, (I>); 
on this basis, they arrive at the individiual heats of Santer an 3s 


AH}, (K*) = 80kg.-cal./mole 
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AH} (Br~) = 72kg.-cal./mole 


mols. HO —> 
0 100 200 300 400 


2000 
4000 
6000 
8000 


10000 


cals. 
rIG. 8. LHE HEAT OF SOLUTION OF POTASSIUM BROMIDE 


TABLE XXX.- INTEGRAL HEAT OF DILUTION OF POTASSIUM BROMIDE 
IN AQUEOUS SOLUTION, AT 25°C. - 


= Joules 


Initial Final 


2°80320 | 0°25258 
1°03486 | 0-10048 
0:51048 | 0-050184 
010048 | 0-010021 
0-050184 | 0-005009 
0010021 | 0-001001 


TABLE XXXI.- INTEGRAL HEAT OF DILUTION OF SOLUTIONS OF POTASSIUM 
BROMIDE IN DEUTERIUM OXIDE, AT 25°C. 


Mol.-% D,O in D,O/H,O Mol.-% Salt Integral heat of diln.g.-cal./mole 


TABLE XXXII.- INTEGRAL FREE ENERGIES OF SOLUTION OF POTASSIUM 
BROMIDE IN WATER, AT 25°C. 


* saturated solution 


The hydration oumber for the bromide ion in aqueous potassium bromide at 
infinite dilution is 3-5;°° hydration increases with decreasing volume of the 
alkali metal along the series potassium, sodium, and lithium bromides.°** 

An equation proposed for the evaluation of standard free energies of hyd- 
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ration of alkali halides gives for potassium bromide the value 145-7kg.-cal./ 
mole.”* The calculation is based on thermodynamic data from the literature. 

An equation has been proposed for the relative viscosity, 7, of aqueous 
solutions of potassium bromide at 25°C as a function of their molar concen- 
tration:- 


= e ; = e e 2 
KBr soln, 7 1 * 0:00474y/¢ - 0:04904e + 0-01221c 


At low concentrations, mrp. coin at moderate concentrations, 


> e 
water’ 
"KBr soln, < water’ minimum viscosity occurs at 1-9 molar concentration. 


The equation gives a maximum deviation. of 0-01%, at concentrations up to 
° & 
2 molar.°’ At 0°C, the equation becomes:- 


IB: eolae 1 + 0:0045\/c¢ = 0-15377c, up to c = 0-05 molar 
An equation for the viscosity of potassium bromide solutions in water:- 
logn = a+ B/T 


has been investigated over the range of concentration 0-14 to 0-84 molar. T 
in this equation is the absolute temperature, and a and 8 are constants, de- 
pendent upon concentration. The intersection of the curves at T = 302.4° 
indicates independence of concentration at thss temperature.’? Linearity of 
the graph of log 7 against 1/T° has been observed for aqueous solutions of 
potassium bromide, and of other alkali halides; no break occurs at the point of 
saturation.’ 

This form of the viscosity-temperature equation is due to Andrade. 

The surface tensions of aqueous solutions of potassium bromide have been 
measured, and the results are recorded in Table XXXIII. 


TABLE XXXIII.- SURFACE TENSIONS OF AQUEOUS SOLUTIONS 
OF POTASSIUM. BROMIDE 


t°c. | Surface tension, dyne/cm. 


72°65 


100.2, 


g. KBr per 100g. soln. 


The following relationships have been established, for aqueous solutions 
of potassium bromide:- 


7 = 200 f, where f is the adiabatic compressibility 
y = 12x 1076 pu4 


where p is the density, v the ultrasonic velocity, 7 is the viscosity, and y the 
surface tension. 

The results of this investigation are given in Table XXXIV.' 

The concentration dependence of the surface tension, y, of aqueous pot- 
assium bromide solutions has been studied by the loop method.*°* For a num- 
ber of strong electrolytes, the equation:- 


Ay = 0°2437aA + (B/2)A? 


has been established, where A is the activity of the solution, and a and f are 

constants specific to the electrolyte. For potassium bromide, a = 10-2449, 

B/2 = 3+4581, and the equation is accurate to 0*3 molar concentration. 
The interfacial tension, y, between mercury and a molar aqueous solution 
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of potassium bromide has been found to be 318-Sergs/cm.”, taking YHg/H,O ” 


375-0.1% The interfacial tension has also been measured between n-hexane 
and aqueous solutions of potassium bromide, with the results shown in Table 
Sy OV 


TABLE XXXIV.-, VISCOSITY, n, AND SURFACE TENSION, y, OF AQUEOUS 
SOLUTIONS OF POTASSIUM BROMIDE, AT 29°C. 


TABLE XXXV.- THE INTERFACIAL TENSIONS OF n-HEXANE AND SOLUTIONS 
OF POTASSIUM BROMIDE, AT 20°C. 


The boiling point elevation of aqueous solutions of potassium bromide has 
been measured at various concentrations, and the partial molal free energies 
calculated’®® with the results given in Table XXXVI. 


TABLE XXXVI.-- BOILING POINT ELEVATION, AND PARTIAL MOLAL FREE 
ENERGY OF VAPORISATION, OF AQUEOUS SOLUTIONS OF POTASSIUM BROMIDE 


Molarity | Ab.p. at 100°C. | -AG, 


The molecular weight of potassium bromide, calculated from the boiling 
point elevation of the most dilute solution measured, was 66-0; the value fell 
to 55-7, for a solution of 51*2g.0f potassium bromide in 100g. of water.*°” 

The freezing points of aqueous potassium bromide solutions have been re- 
determined, and the mean ion activity coefficients derived; it was observed 
that deviations were greater for bromides than for chlorides, and increased 
along the series K - Na - Li, with a common anion.’ In Table XXXVII, the 
results are recorded; j is defined as (1 - 0/3-716M), where M is the molality, — 
and @ the freezing point depression, and y + is the mean ion activity coeffic- 
ient. 

From the boiling point elevation, it has been estimated that, at 107° the 


Refs. p. 1779 


Boel BROMIDE 1757 


hydration of potassium bromide corresponds to KBr,6H,O.*°? Freezing point 
data yield the values 8-1 H,O, in molar solution, and 9-6 H,O in 0-5 molar 
solution.*?° 


TABLE XXXVII.- FREEZING POINT DEPRESSION, AND ACTIVITY COEFFICIENTS, 
OF POTASSIUM BROMIDE, IN AQUEOUS SOLUTION 


Molality, ae -log yt, se ; ~log vi, 
m ] molal J molal 


0°0950 
0°1012 
0°1056 
0°1090 
0°1117 
0°1138 
0°1157 
0°1173 
0°1187 


Hydration studies employing the ultrasonic interferometer lead to values 
for the volume of hydration water at various concentrations of electrolyte sol- 
utions. The values for aqueous solutions of potassium bromide are recorded 
in Table XXXVIII.*™ 


TABLE XXXVIIL- VOLUME OF HYDRATION WATER, IN 
POTASSIUM BROMIDE SOLUTIONS 


Molarity | Wave-length, mm. 


Limiting value at infinite dilution, V = 75c.c./mole, as compared with the 
earlier value of 81c¢.c./mole.*™ 

The electrical conductivity of aqueous solutions of potassium bromide has 
been measured, with the results shown in Tables XXXIX to XLIII. 


TABLE XXXIX.- CONDUCTIVITY FUNCTION (M/x) FOR AQUEOUS SOLUTIONS 
OF POTASSIUM BROMIDE AT 10°C." 


Pactatty. w [wre [ota w [We 


0:001469 0°19939 
0:005370 0:28251 
0°014042 0:46754 


0°020343 0°72135 
0°046983 1:07251 
0:096075 1°29601 


kx is the specific conductivity, in ohm *cem.~ 


From the results given in Table XLIII, heats of dissociation of potassium 
bromide were determined:- 


0° to 18°, ATER Reta) = 5413g.-cal./mole 
ino t029 SG = 9752g.-cal./mole 


The activity coefficients of alkali halides have been obtained from the 
study of cells of the type:- 
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Ag, AgX |MX_ | MHg | MX, | AgX, Ag 


where M is the alkali metal, and X the halide ion. The electromotive force of 
this cell may be expressed:- 


ne 
FLO SEIGS 10 gene 
‘ood 
YO.1 


TABLE XL.- EQUIVALENT CONDUCTIVITY OF POTASSIUM BROMIDE, IN AQUEOUS 
SOLUTIONS, AND THE LIMITING MOBILITY, \, OF THE BROMIDE ION** 


atmo [0 Ts [i | 20 | 50 [100 | 
fe) of ? 4 . ° ° ° 


0°0231 
0°0199 
0°0173 
0°0153 


TABLE XLI.- EQUIVALENT CONDUCTIVITY, A, OF AQUEOUS POTASSIUM 
BROMIDE ae 


1°3949 i 2891 
2°7881 : 2°6802 


4°2183 4°2678 | 

5*9269 7°0329 

7°1696 8°8795 
11°0850 
13°2244 


ec = concentration in g.equivalents/litre 
5 = 100(A°c. calc. — A°C. obs.) 


TABLE XLII.- MOLAR CONDUCTIVITY, A, AND MEAN ION ACTIVITY COEFFICIENT 
f+, OF POTASSIUM BROMIDE, IN AQUEOUS SOLUTION, AT 25°C." 


10-9 x 10° 
88:1 x 10° | 230°6 x 107 
12°6X10° | 231°3x 10° 


The results for potassium bromide solutions are given in Table XLIV. 
Good agreement is obtained with the results of other calculations.'® 
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TABLE XLIV.- MEAN ION ACTIVITY COEFFICIENTS OF POTASSIUM BROMIDE, 
IN AQUEOUS SOLUTION AT 25°C. 


The activities of the components, 1n saturated solutions containing por- 
assium bromide and potassium chloride, have been measured;'!® the results 
are given in Table XLV. 


TABLE XLV.- ACTIVITIES OF SOLUTES, IN THE SYSTEM H,O/KBr/KCl, AT 25°C. 


The transport number of the potassium ion, in aqueous solutions of pot- 
assium bromide, has been measured by the Hittorf method (Table XLVI), and 
by the moving-boundary method (Table XLVII). 


TABLE XLVI.- CATION TRANSPORT NUMBER FOR FOTASSIUM BROMIDE 
SOLUTIONS, BY THE YITTORF METHOD!” 


A comparison of transport and conductivity data for potassium bromide and 
potassium chloride, in O*LN. solution, at 25°, gave the following results:-’” 


A om n tT.A  t*An 
KBr 131-6 0-485 0-9946 63-8 63-5 
KCl 129-0 0-492 0:9982 63:5 63-4 
where A is the equivalent conductivity of the solution, ¢* the transport number 
of the cation, and 7 the viscosity. 
A very accurate moving boundary investigation gave the following results 
for the cation transport numbers in aqueous solutions of potassium bromide, at 
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25°: cis the molarity of the solution:-'” 


C 0-01 0-02 0-05 0: 10 0- 20 
t* 0-4833 00-4832 0-4831 0-4833 0-4841 


so that a minimum in tit appears to be well established. 


TABLE XLVII.- CATION TRANSPORT NUMBER, tt, AND MOBILITY, A*, 
IN AanuCUs, POTASSIUM BROMIDE SOLUTIONS, AT 25°C.*™ 


Cc a 


0°4847 
0°4846 


| 4 0005 0°4838 


0°001 0°4845 0°4837 
| 0°002 0: 4844 0°4838 
| 0°005 0°4843 | 0°4843 


0°010 04841 | 0°4852 
From measurements of liquid junction potentials in electromotive force 
cells, the average potential difference for potassium bromide salt bridges was 


fednd to be:-124 
4 Molar, 0-43m.V.; ‘saturated, 0-50m.V. 


The Soret coefficient for potassium bromide has been calculated;'”* by 
taking the data of Goodrich,'*® the value +3-9 x 10°? is obtained, but the. Soret 
coefficient depends upon temperature, and with a temperature difference of 17° 
between vessels, the following results were obtained:-*?’ 

t° 302 322 AON. 0S esr Ouy 
Hoy Ape creeeaimy at's Sa air MOET Gn Bt 

The adsorption of potassium bromide on barium sulphate,'** and on lead 
sulphide,’ has been studied, as part of a more extended survey of the adsorp- 
tion of electrolytes upon such precipitates. 

The molar refractivity, dispersivity, and rotativity, of aqueous solutions of 


potassium bromide, at 25°, for magneto-optic rotation and dispersion, have 
been measured, and are listed in Table XLVIII.**°.. 


TABLE XLVIII.- MOLAR REFRACTIVITY, [Rl m, MOLAR DISPERSIVITY, [U\m, 
AND MOLAR ROTATIVITY, [Q]m, FOR AQUEOUS SOLUTIONS OF POTASSIUM 
BROMIDE, AT 25°C. 


1:0 23°70 
3°0 21°95 
4°0 21°20 


A= 5461 A. 


The magnetic susceptibility, y 
ution, is 50-3 x 10°, at 20°.*% 

Compressibilities of aqueous solutions of potassium bromide are reéanied 
in Table XLIX.** 

The solubility of potassium bromide in water at 32-4° is 725-6 g. per 1000 
g. of water. The increased solubility of potassium bromide in bromine water 
is one-third of the bromine concentration, up to 382-1 g. of bromine per 1000 g. 
of water: so that 1000 g. of water + 382-1 g. of bromine dissolves 845-9 g. of: 
potassium bromide. The salt is quite insoluble in liquid bromine.** 

In a study of potassium bromide in non-aqueous solution, its solubility in 
liquid ammonia has been determined. At -—33-9°, 40-32 g. of the salt dissolve 


, for potassium bromide in aqueous sol- 
m 
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in 100 ie of ammonia:*** at 0°, the solubility is 26-9 g. per 100 g. of am- 

monia.* 7 

TABLE XLIX.- THE COMPRESSIBILITIES AND SPECIFIC VOLUMES OF AQUEOUS 

SOLUTIONS OF POTASSIUM BROMIDE, OVER A PRESSURE RANGE OF 1 TO 1000 
BARS, AT 25°C. 


ee 


x, = Wt. fraction of salt, in solution. 
k = Decrease in volume, per unit volume. v over the pressure 
~AP v = Specific compression of solution. f range 1 - 1000 bars 


V = Specific volume of solution. 
Deviation = 10*(A -A ) where 
. obs. - calc. 
eee ey 
ops. Xe 
Gale = F(a be,/2) 
Wt. fraction of salt in solution. 


in which ae Wt. fraction of water in solution. 
ee ue of salt in soln., g./c.c. i 
10*a = +} 
~10¢b = a 8 for KBr solutions. 


The decomposition potential of potassium bromide in liquid ammonia sol- 
ution has been measured; it varies slightly according to the electrode mater- 
ials:**° Eq = 3-45 volts, with platinum electrodes for a 22% KBr solution; 
Eq = 3:60 volts with carbon anode and iron cathode, also for 22% KBr solution. 

In the same investigation, the solubility of potassium bromide in liquid 
ammonia was measured, and the nature of the solid phase in equilibrium deter- 
mined; the results are given in Table L. 


TABLE L.- SOLUBILITY OF POTASSIUM BROMIDE IN LIQUID AMMONIA*”* 


Wt.-% KBr Solid Phase ona wt. ~~ KBr Solid Phase 


KBr,4NH, 
KBr,4NH, 
KBr,4NH, 
F. Br,4NH, 
KBr,4NH, 
KBr,4NH, 
NH, + KBr,4NH, T° KBr,4NH, + KBr 
“= : s KBr 
KBr : “48 KBr 
KBr : KBr 
Kor ° KEr 


te 
NH 
NH 
NH 


H, 
3 
3 
3 
3 


continued on following page 
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TABLE L.- CONTINUED. 


Wt.-% KBr | Solid Phase ee Wt.-% KBr | Solid Phase 


The heat of solution of potassium bromide in liquid ammonia is 2-90kg.- 
cal./mole, at -33°,'*” and the heat of the “neutralisation’® reaction, NH,Br + 
KNH,,am. = KBr,am. + 2NH, (liq)., is -27-5kg.-cal./mole.*® 

Conductivity studies have been made of potassium bromide solutions in an- 
hydrous hydrazine; the solvent had the following specific. conductivity:- 


Ko°c,™ 1:1 to 2-0 x 10* 
Kos. 7 2°3 to 28 x 10° 


Conductivities are recorded in Table LI, together with calculated values 
from the equation:- 


A. = 134-9 - 158, ¢ 


TABLE Li.- EQUIVALENT CONDUCTIVITY, A, OF POTASSIUM BROMIDE IN 
ANHYDROUS BYDRAZINE, AT 25°C!** 


ue 


Solutions of potassium bromide in iodine monobromide, IBr, show high con- 
ductivity. (The solvent had a melting point of 41° and a boiling point of 119° 
specific conductivity at 55°, 3x 10°* ohm™’cnf™*. Density at 42°, 3-76.) 

The specific conductivity, kK, and equivalent conductivity, A, of solutions 
in this solvent, are recorded in Table LII.'*® 

Electrolysis of potassium bromide solutions (8-4 and 9-7 mol % KBr) in 
iodine monobromide, at 40 - 45°, using platinum electrodes, gave the following 
transport number of the ions:- 


but i 0-43, le = Oe. 


It was also observed that the transport of bromine amounted to 1-5lg.- 
atoms per Faraday. It was concluded that the complex KIBr, is formed when 
the molecular ratio IBt/KBr = 4-35 - 455, and that for each mole of KIBr, 
electrolysed, 4% mole of iodine monobromide is also electrolysed.'3*? 

In molten aluminium bromide, at 110°, potassium bromide forms a complex 
anion, as shown by the transport number, 1-14, for the cation.**° 

The equivalent conductivity of potassium bromide dissolved in fused an- 
timony trichloride, at concentrations up to 2M. is recorded in Table LIII.*** 

In the solvent phosphorus oxychloride, potassium bromide dissolves to the 
extent of 0-5lg./1, and the specific conductivity of the saturated solution is 
4-3 x 10%ohm™*cm.“ at 20°. From the variation of equivalent conductivity 
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with concentration, it is inferred that the salt is only slightly ionised in this 
solvent.’*? 

The solubility of potassium | bromide in methyl alcohol at various temper- 
atures is recorded in Table LIV.** 


TAPLE LII.- ELECTRICAL CONDUCTIVITIES OF SOLUTIONS OF POTASSIUM 
BROMIDE IN IODINE MONOBROMIDE, AT 55°C. 


4°61 x 107% 
2°44 x 107° 
4-12 x 10° 
5°61 x 107° 
6°80 x 107° 
9°11 X10 
13°1 x10 
18°6 x10 
21°5 x10 
32°2 x10 
40°1 ia 


TABLE LIII.- EQUIVALENT CONDUCTIVITY OF POTASSIUM BROMIDE IN 
FUSED ANTIMONY TRICHLORIDE, AT 99°C. 


Ce 


TABLE LIV.- SOLUBILITY OF POTASSIUM BROMIDE IN METHYL ALCOHOL 


Soly.g./g.MeOH oe Soly.g./g.MeOH 


The solubility has also been measured in methyl alcohol-water mixtures, 
with the results shown in Table LV. 


TABLE LV.- SOLUBILITY OF POTASSIUM BROMIDE IN METHYL 
ALCOHOL-WATER MIXTURES, AT 25°C. 


Wt.-% MeOH 5 i Solubility, moles per 1000g. solvent 


3°784 
3°711 
2°180 
1+1802 
0°7697 
0°4625 
0°2629 
0°2049 
0°1805 


The solubility of potassium bromide in ethylene glycol~water mixtures has 
been measured; the results’ are given in Table LVI. 
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The solubilities of potassium bromide and potassium iodide have been 
neasured at 10° and 20°, in aqueous methanol and aqueous ethanol.**® The re- 
sults are represented graphically in Figs. 9 and 10, 


mol./litre —> 
Ww 


ined 


0 25 750 75 100 
MeO 


FIG. 9. SOLUBILITY OF KBr (AND KI) IN AQUEOUS METHANOL AT 10° AND 20°C 


At 25° the solubility of potassium bromide in acetone is 3-69 x 10°* molar, 
corresponding to an ionic strength of 3-69 x 10°*; the Debye-Huckel theory 
was found to apply to dilute solutions in acetone.**” 

The solubility of potassium bromide in acetone-water mixtures, relative to 
the solubility in water, is recorded in Table LVII.*** | 

The solubilities of potassium bromide in methyl alcohol, acetonitrile, and 
formic’ acid have been measured at 18° and 25%.; the results are given in 
Fable LVIII."*” 

The solubility of potassium bromide, and of other alkali halides, in sol- 
vents likely to be used in Soxhlet extraction, has been measured.**’ The log- 
arithm of solubility varies linearly with the inverse of the dielectric constant 
for the following solvents at 25°: water, methyl alcohol, ethyl alcohol, propyl 
alcohol, amyl alcohol.**? | 

The dissociation constant for potassium bromide’ in 90% acetone at 25. 
isn 0es. | 

The viscosities and densities of solutions of potassium bromide in anhyd- 
rous methyl alcohol are given in Table LIX.*** 
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The surtace tensions of the ternary solutions potassium bromide-ethy| 


alcohoi-water, and potassium bromide~acetic acid-water, have been measured; 
154 


the results are listed in Table LX. 


mol. /litre 


0 25 50 75 100 
% ELOH —> 


FIG. 10. SOLUBILITY OF KBr (AND KI) IN AQUEOUS ETHANOL AT 10° AND 20°C 


TABLE LVI.- SOLUBILITY OF POTASSIUM BROMIDE IN ETHYLENE 
GLYCOL-WATER MIXTURES, AT 30°C. 


TABLE LVII.- RELATIVE SOLUBILITY OF POTASSIUM BROMIDE IN 
ACETONE-WATER MIXTURES, AT 18°C. 


The heat of solution of potassium ‘bromide in methyl alcohol, at 20°, has 
been measured,'** Extrapolation to infinite dilution gives -1-067kg.-cal./mole. 

The equivalent conductivity of potassium bromides) in acetic acid is record- 
Bai Table LXI.*** 

From the data there given, the limiting edtiralene conductivity was Cal- 
culated by the method of Fuoss and Kraus **” to be 41, and the ion-pair dis- 
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sociation constant, K x 10‘, = 1+1. 

The solubility of potassium bromide in acetic acid-sodium acetate mix- 
tures has been measured. From the results have been deduced the equilibrium 
constant, K,, for the exchange reaction:- 


KBr + NaOAc = KOAc + NaBr 
and the ion-pair association constant, X,, for the salts.'*° 


TABLE LVIII.- SOLUBILITIES OF POTASSIUM BROMIDE IN ORGANIC SOLVENTS 


g./100g. solvent | mol./litre 


nt 


Methyl 0°132 
Alcohol 0°139 
Acetonitrile 1°5 x 10° 
6.x 107; 
P Formic 2°14 
Acid 2°15 


TABLE LIX.- VISCOSITIES AND DENSITIES OF SOLUTIONS OF POTASSIUM 
BROMIDE IN METHYL ALCOHOL, AT 25°C. 


Molality | Density | Viscosity, c.g.s. units 


0°10884 | 0°79650 0:00576 
0°09926 | 0°79490 0°00574 


0°07192 | 0°79343 0°00567 
0°04446 | 0°79027 0:00560 
0:02840 | 0°78991 0°00554 


TABLE LX.- SURFACE TENSIONS OF TERNARY SOLUTIONS 
OF POTASSIUM BROMIDE, AT 25. . 


Ethyl Alcohol/Water, 2°03mol.-% EtOH 


Acetic acid/Water, 0°353 mol.-% CH,COOH 


69-65 +dy/dm = 0-99, 
70°56 over this range 
71°44 
TABLE LXI.- EQUIVALENT CONDUCTIVITY OF POTASSIUM BROMIDE 
IN ACETIC ACID, AT 30°C. 


10° c, moles/l. Bee 10° c, moles/l. 


ihe equivalent conductivities of potassium bromide in n-propvl alcohol and 
isopropyl! alcohol, at 25°, have been determined, the results being given in 
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Table Lxm,’® . 


TABLE LXII.- SOLUBILITY OF POTASSIUM BROMIDE IN ACETIC ACID-SODIUM 
ACETATE, AND CONSTANTS FOR THE EQUILIBRIA, AT 30%. 


Cocn., moles/100 moles Acetic Acid K K 


0003307 | 0°02105 0:0123 | 0-0122 
0007700 | 0°02332 0°0089 | 0:0087 
0:01007 0:02469 0°0107 | 0:0104 


0°01997 0°02853 0°0105 | 0°0101 
0°03231 0:03275 0°0115 | 0:0109 
0°05742 0°03924 0°:0119 | O°0111 
0:07169 0°04173 0-0113 | 0°0104 
0:09575 0:04698 0°0122 | 0°0111 


Average deviation, 0°0008 | 0-0006 


- TABLE LXIII.- EQUIVALENT CONDUCTIVITY OF POTASSIUM BROMIDE IN 
: PROPYL ALCOHOLS, AT 25°C. 


Ay = 23°34 


In the above Tables K, is the dissociation constant, calculated from Ost- 
wald’s Dilution Law; K, is the dissociation constant calculated by the method 
of Fuoss and Kraus.'*” 

Transport number determination by the moving boundary method, and the 
evaluation of limiting ionic mobilities, for potassium bromide solutions in 
methyl alcohol, gives the results listed in Table LXIV. 


TABLE LXIV.- TRANSPORT NUMBER OF THE CATION, AND LIMITING [ONIC 
MOBILITIES, FOR POTASSIUM BROMIDE IN METHYL ALCOHOL, AT 25%. 


0°4793 
0°4790 


0°4787 
0°4795 


The limiting values of the product \°n, where n is the viscosity at 25°. 


are:-16! 


Monk ts 0°285 
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M713 » 0-308 


The equivalent conductivity of potassium bromide in dimethylformamide 
solution has been measured: the results are given in Table LXV. The ob- 
served A/\/c slope differs from the theoretical Onsager slope by 4%.°* 


TABLE LXV.- EQUIVALENT CONDUCTIVITY OF POTASSIUM BROMIDE 
IN DIMETHYLFORMAMIDE, AT 25°C. 


ict moar | A [uct note [A 


84°1 |} = =13°32 78°5 
0°730 82°8 22°94 76°77 
3°614. 81°4 37°66 74°8 


The equivalent conductivity has also been measured in N-methylacetamide 
solution, at temperatures from 30° to 60°, as recorded in Table LXVI.?* 


TABLE LXVI.- EQUIVALENT CONDUCTIVITY OF POTASSIUM BROMIDE 
IN N-METHYLACETAMIDE 


t 1B. Dielectric Expt. | Onsager ate 
constant slope elope 


Specific conductances in the same solvent have been measured over the 
temperature range 24° to 33°, with the results shown in Table LXVII.!% 


TABLE LXVIL- SPECIFIC CONDUCTIVITY OF POTASSIUM BROMIDE 
IN ee 


Melting point of solvent, 29:8. 
Specific conductivity of solvent, 4:9 x 1077 ohm~cm.7!, at 35%. 


The equilibrium constant for the dissociation of potassium tribromide, 
KBr,, in acetic acid, and the energy-change AE of the dissociation:- 


KBr, — KBr + Br, 
are listed in Table LXVIII.'* 


TABLE LXVIIL- EQUILIBRIUM CONSTANT, AND ENERGY eee FOR THE 
DISSOCIATION OF KBr,, IN ACETIC ACID 


10°K, mole/l. | AK, g.-cal./mole 


1°80 7110 
ai 3°67 6910 
70 7°22 os 


Chemical Properties 


The following reaction occurs when potassium bromide is acted upon = | 


| 
| 
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sulphur trioxide, in vacuo, and at temperatures between 20° and 100%- 

2K Br + 4SO, = K,S,O,, + Br, + SO, 
X-Ray analysis of the products shows that only K,S,O,, is formed; there is no 
trace of an intermediate such as K,S,O,, nor are halogen-sulphonates formed 
(as from potassium fluoride and chloride). Potassium bromide gives an or- 
ange-red colour with even a trace of sulphur trioxide.'* 

Potassium bromide in aqueous solution reacts with oxygen, in the presence 
of mercury and activated charcoal, potassium hydroxide and mercuric bromide 
being formed."®’ The rate of the reaction increases with increase in temper- 
ature between 1° and 50°, but then decreases slightly, up to 85°. The rate is 
proportional to the amount of charcoal present, and to the oxygen content of 
the gas stream; it is inversely proportional to the concentration of the potass- 
ium bromide solution. 

Ultrasonic irradiation of solutions of potassium bromide causes the fiber- 
ation of bromine, partly owing to oxidation by the hydrogen peroxide also form- 
ed. The amount of bromine liberated from neutral solution decreases with 
increase in concentration of potassium bromide.'® | 

Gaseous chlorine reacts with solid potassium bromide only if water vapour 
is present. Before appreciable interaction occurs a minimum partial pressure 
of water vapour must be attained, at each temperature, approximating to the 
vapour pressure of the saturated solution of the components present.'® 

At temperatures between 800° and 900°, the reaction:- 


Cl, + 2KBr = 2KCl + Br, 


appears to involve the double anions Cl,~~ and Br, ~; at higher temperatures 
(1250°) the double anions are decomposed into single ions. In the same in- 
vestigation, the reaction:- 


Cle Pobre bCl. + Br, 
is considered to proceed through the anions Cl,*~ and Br,’ 
The heterogenous equilibrium:- 
Kel) PHBive)) =]=-K Breil) + HCl(s) 


has been studied at 765°, and at 850°, at which temperatures the salts are 
fused. The eguilibrium constant, K, = Neprency/  KcrPHBr where N is the 


mole-fraction of the alkali halide, and p the partial pressure of the hydrogen 
halide, has. the values:- 


170 


Kage n 8: 33, Ka oe = (6. 10, 


The solid phase is a solid solution, and the heat of reaction ts -8-5kg.- 
cal./mole.*” 


The equilibrium constant for the reaction:- 
Ci 2K Br eS aK re Br, 


has the value 303 at 800°C-”? 

The corrosion of lead in solutions of potassium bromide at 20° has been 
studied; the concentration of the solution was varied between 10°*N, and 2N. 
The rate of corrosion increased with increase in concentration, and an ad- 
herent white film was formed; it is concluded that anodic adsorption of neg- 
atively charged lead bromide particles occurs.*”* ; yer: 

The equilibrium between sodium and fused potassium bromide, at 800", has 
been studied; the mean value for the equilibrium constant, NeHIKBe is 28-81 
Ben , 

The equilibrium distribution of sodium and potassium between their mixed 
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amalgdm and a solution of mixed sodium and potassium bromides has been in- 
vestigated.’”> The equilibrium constant, defined by:- 


[K/Hgl [NaBr| 
(Na/Hg] [KBr] 
varies as follows:- 


i). At fixed total salt concentration, K decreases with increase of amalgam 

concentration. 

ii). At fixed concentration of amalgam, and fixed total salt concentration, K is 
independent of ‘‘salt ratio’’. | 

iii). At fixed amalgam concentration, K decreases with increase in concen- 
tration of the mixed salt solution. 


The irreversible reciprocal system of lithium and potassium bromides and 
hydroxides has been investigated. Among the nine fields of crystallization 
the following compounds were found:-*’® 


KOH,KBr, 2LiOH,LiBr, and 2LiOH,KOH 
The melting point-composition diagram for the ternary system potassium 
chloride-potassium bromide-potassium iodide is shown in Fig. 11.'7” The bin- 
ary eutectics are:- 
KBr-KCl, 734°, 71% KBr 


KBr-KI, 664°, 29% KBr 
KCl-KI, 588°, 47% KCl 


KBr 
740° 


IN 
ee seat sad eo 


FIG. 11. THE TERNARY SYSTEM KBr-KCI-K] 
734° --- 71% KBr 664° --- 71% KI 588° --- 53% KI 


The melting point-composition diagram for the reciprocal salt pair sodium 
iodide~potassium bromide is given in Fig. 12.‘7* The binary eutectics, in this 
case, are:- 


NaBr-KBr, 635°, 48% KBr 
KBr-KI, 662°, 27% KBr 
NalI-KI, 580°, 58% Nal 

NaBr-Nal, 650°, 72% Nal 


The system potassium bromide=-potassium chloride shows an unbroken 
series of solid solutions.’”® 

The reciprocal system potassium bromide-silver chloride shows a eutectic, 
with melting point 320/C., at 25-1 mol.-% KBr.’*° 

The system of silver bromide with mixed crystals of potassium bromide 
and chloride having the composition 50 mol.-% KBr/:50 mol.-% KCl, shows a eut- 
ectic at 302 T., containing 74:8 mol.-% AgBr, 25*2mol.-% mixed crystal (i.e. 12°6 
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mol.-% KBr, 12*Gmol.-% KCl).**° 
NaBr KBr 


683° 
K1 


Fic. 12. THE OUATERNARY SYSTEM NaBr-KBr-KI-Nal 


The validity of rules suggested for plotting phase diagrams of binary sys- 
tems is demonstrated by considering the melting point-composition curves for 
a number of systems.*®* Table LXIX gives the results for the system potass- 
ium bromide-rubidium bromide. 


TABLE LXIX.- MELTING POINT, AND COMPOSITION, OF THE SYSTEM 
POTASSIUM BROMIDE-RUBIDIUM BROMIDE 


Nols KBr [ w. [woe xB [m9 


+10 
20 
25 
30 
40 


ib 


The reciprocal system of potassium and sodium bromides and hydroxides 
shows six fields of crystallization. Four of these were of the pure compon- 
ents, and the remainder of the compounds KOH,KBr, and NaOH,NaBr.?®? 

Potassium and sodium bromides and nitrates form a typical reversible re- 
Ciprocal system. The crystallization area is divisible into three fields: con- 
tinuous solid solutions of potassium and sodium bromides occupy 91% of the 
area, continuous solid solutions of potassium and sodium nitrates a further 8%, 
a field of KNO,,KBr occupying the remaining 1%. Melting point-composition 
diagrams, for the binary systems present, are shown in Figs. 13 and 14.18% 

The systems potassium bromide-potassium chloride-water, and potassium 
bromide=rubidium bromide-water, both show at 25° formation of type-II solid 
solutions, by the Roozeboom classification. The compositions of the liquid 
and solid solution phases, in equilibrium, are recorded in Tables LXX and 
Xx X1.*84 

The equilibria of aqueous solutions containing bromine and potassium com- 
pounds have been studied in connection with the problem of commercial recov- 
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768° 


" [5x h 
/ oC 
643° 
NaBr 30°% KBr 
(a) 
740° 
y 7 
7 
7 
74 
y 
hs 4 
ye { 
@ 
7 NE: 
KNO, 
XE 
346° 
337° 
Doe 50% 


(b) 
FIGS. 13a, 13), MELTING POINT-COMPOSITION DIAGRAMS FOR THE BINARY 
SYSTEMS NaBr-KBr AND KNO,-KEBr 


KBr 


KNO 


30%, 


FIG. 14. MELTING POINT-COMPOSITION DIAGRAMS FOR THE BINARY SYSTEM 
NaBr-KNO, and KBr-NaNO, 


The data for the systems potassium bromide-potassium chloride-water, 
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potassium bromide-magnesium bromide—water, are recorded in Tables LXXII 
ad. L XXII. 2 


TABLE LXX.- EQUILIBRIUM DATA FOR THE SYSTEM POTASSIUM BROMIDE (A)- 
POTASSIUM CHLORIDE (B)-WATER, AT 25°C. 


Overall Compositi on Liquid Solid Soln. 


| 
0 


TABLE LXXI.- EQUILIBRIUM DATA FOR THE SYSTEM POTASSIUM BROMIDE (A) 
RUBIDIUM BROMIDE (B)-WATER, AT 25‘. 


Overall Composition 
Wt.-% A. | Wt.-% B. 


TABLE LXXII.- EQUILIBRIUM DATA FOR THE SYSTEM POTASSIUM BROMIDE- 
POTASSIUM CHLORIDE-WATER, AT 25°C. 


Overall Composition Solid Phase : 
% KCl % Water | % KCl % Water 


1°30 


The solid phase consists of a complete range of solid solutions. 


TABLE LXXIII.- EQUILIBRIUM DATA FOR THE SYSTEM FOTASSIUM BROMIDE-— 
MAGNESIUM BROMIDE-WATER, AT 25°C. 


Overall Composition Solid Phase 


0 


Sa A 
9°23 
20°67 


continued on following page 
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TABLE LXXIII.- CONTINUED. 


Overall Composition Solid Phase 


KBr 
KBr 
KBr 

KBr + KBr,MgBr,,6H,O 
(50°53% KBr, 31-65% MgBr,, 17-82% Water) 
KBr,MgBr,,6H,O + MgBr,,6H,O 
MgEr,,6H,O 


Potassium bromide shows a homeomorphic transformation at 22°, The sys- 
tem potassium bromide=potassium chloride-water is simple, only two crystall- 
ine fields being observed: ice, and solid solutions of potassium bromide and 
chloride.**° The solid solution field was divided into a- and B~ homeomorphs. | 

In the system potassium bromide-sodium bromide-water, the components 
crystallize in their pure states. The six crystal fields meet in four ternary 
points, and the eutectic at -32° has the composition 91-34 NaBr, 8-66 KBr, 850 
H,O, moles. At this point, the fields of NaBr,5H,O, KBr, and ice meet, 18 

Isothermal evaporation studies have been carried aut on the systems pot- 
assium bromide-potassium chloride-water, and potassium and sodium bro- 
mides-potassium and sodium chlorides-water.**’ 

The reciprocal system potassium and sodium bromides-potassium and sod- 
ium carbonates shows cwo fields of solid solutions, with a ternary eutectic at 
575°, of composition Na,CO, 32, K,Br, 32, Na,Br, 36, mol.-%. The phase dia- 


gram is shown in Fig. 15. .For the exchange reaction:- 
Na, Br, + K,CO, = K,Br, + Na,CO, 


AH = 1-8 kg.-cal./equivalent, so that equilibrium is ; shifted to the Rpereco 
salt pair.*** 


Na, Br, Na,CO, 
760° : 860° 


FIG. 15. THE QUATERNARY SYSTEM, Na, Br,-Na,CO,-K, CO,-K, Br, 


Solubility, viscosity, and specific gravity studies have been made on the 
ternary system potassium bromide-potassium iodide-water, at 0°, 15°, 35°, and 
50°.18° The system shows two limited fields of solid solutions which meet at 
a point; here the viscosity and specific gravity isotherms break sharply. 

Similar behaviour is shown by the system KBr-NaBr-H,0.**?# 
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Equilibria in the system potassium bromide-potassium bromate-water, have 
q r Ne O° © 190 eile f 
been studied, at temperatures from 0° to 80°. The mutual solubility curves 
for this system are shown in Fig. 16. 


80° 


—— = 


8 16 24 32 40 48 
KBr —> , 


FIG. 16. MUTUAL SOLUBILITY CURVES OF KBr AND KBr0, 


The temary system potassium bromide-potassium itodate~water has been 
investigated, with the results listed in Table LXXIV.?” 


TABLE LXXI\V.- EQUILIBRIA IN [THE SYSTEM POTASSIUM BROMD E- 
POTASSIUM IODATE-WATER, AT 25°C. 


Original wt.-% | Solid Soln. wt.-% Bensciace 


- 0 0 


1°381 KBr 
0°81 0°98 1-396 KBr 
2°36 1-407 } KBr+ KIO, 
2°36 1-408 | KBr+ KIO, 
2-36 1-407 | KBr + KIO, 
2°47 1: 
2°73 1: 
3°26 1: 
8°452 1: 


No double salt formation is indicated, either at 25. or at 5° and 50°C. 
The ternary system potassium bromide-potassium chloride~50% ethanol 
has been studied at 35‘C.°?? The data are recorded in Table LXXV. 


TABLE LXXV.- EQUILIBRIA IN THE SYSTEM POTASSIUM BROMIDE~POTASSIUM 
CHLORIDE-50% ETHANOL, AT 35°C. 


Original Wt.-% | Solution, wt.-% Dansiey Solid Soln. 


Wt.-% KBr 


continued on following page 
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TABLE LXXV.- CONTINUED. 


Original Wt.-% | Solution, Wt.-% Bencits Solid Soln. 
Wt.-% KBr 


KCl KBr KCl KBr 


The system belongs to type II of the Roozeboom classification, as for the 
same salts with water as solvent; change of solvent causes a shift of the 
crystallization end point, from 65-5 to 83-5 mol.-% KBr. 

The “salt temperature” has been determined, for saturated solutions of 
various pairs of salts. When a solution containing two salts is boiled, it be- 
comes more concentrated and the boiling point rises; the maximum, in the pre- 
sence of a smal} quantity of separated salt, is termed the “salt temperature”.’°° 
For the pair potassium bromide-potassium chloride, the salt temperature is 
111-3°, and the solid composition is 17% KCl, 83% KBr; the boiling points of 
saturated solutions of the component salts are 110-9° (KBr) and 108.5° (KCl). 

The reciprocal system potassium bromide-rubidium chloride has been 
studied, and the results of X-ray diffraction analysis are compared with refrac- 
tivities. Refractive index-composition, and melting point-composition, curves 
are shown in Figs. 17 and 18.'** All observations accord with the view that 
one solid solution is formed which contains all the ions for each mixture. 

In a study of reactions between dry inorganic salts, the unstable pair 
sodium bromide-potassium chloride were observed to change partially towards 
sodium chloride-potassium bromide at 25° and under 3500 atm.*” 

The system potassium bromide-bromine-water was studied at low concen- 
trations of bromide and at 0°. A bromine hydrate, Br,10H,O, was the only 
hydrate observed.*”® 

A study of this system by the wet-residues method, at 0°, indicated the 
existence of solid compounds with incongruent melting points: Br,,7H,O 
(5:85°), and KBr,,1-5H,O(25-85°). The latter is a diamagnetic solid, in equi- 
librium at its melting point with a solution containing by weight 21-4% KBr, 
70:4% Br,, and 8-2% water.*®’ , 

From cryoscopic studies, the mean equilibrium constant tor the formation ot 
potassium tribromide, KBr,, is 22-87, at a mean temperature of -0-65°. For 


Se = _1.9R° 198 
the salt KCIBr,, ie 5-739, eh se 0-98”. 


The solubilities of bromine and iodine in solutions of alkali halides were 
determined at 30°, in an investigation of polyhalides.'?? The data for potass- 
ium bromide solutions are listed in Table LXXVI. 

Solubilities are measured in g. per 25ml. of potassium bromide solution 
saturated with the halogen. 

No equilibrium constant was obtained from the bromine solubilities, and it 
was concluded that KBr, dees not exist at 30°. 

The distribution of bromine between water and potassium bromide solutions 
gives the value for the equilibrium constant of Br, + Br” = Br,~ as 16:0 at 
25. From the solubility of the bromine in potassium bromide solutions, of 
concentration 0°01 to 1°Q molar, the equilibrium constant for 2Br, + Bro = 
Bivoeate 25: cei sei Cag : 
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FIG, 17. REFRACTIVE INDEX-COMPOSITION DIAGRAMS FOR THE BINARY 
SYSTEMS KBr-RbEr, KBr-RbCl, KBr-KCl 


LABLE LXXVI.- SOLUBILILIES OF BROMINE AND [ODINE IN AQUEOUS 
SOLUTIONS OF POTASSIUM BROMIDE, AT 30. 


From the conductivities of saturated solutions of bromine in potassium 
bromide, it is concluded that the acid HBr, is only a little weaker than hydro- 
bromic acid,?°! 

From light absorption studies of solutions of potassium halides and free 
halogens, the existence of the compounds KBr,, KCIBr,, and KBrI, is indic- 
ated. These complexes appear to be more stable in ethanol than in water; 
instability constants are listed in Table LXXVII. 

Investigation of the system potassium bromide-bromine-water at 0° indic- 
ated the existence of a solid potassium polybromide 2KBr,,3H,O; no an- 
hydrous polybromide was indicated in the corresponding sodium bromide Sy S- 
tem, nor was any complex formed. The potassium polybromide hydrate crys- 
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tallized in long red needles, melting (in a sealed tube) at 25°.7°° 


The results obtained in a number of studies of this system have been 
summarised,” 
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FIG. 18. MELTING POINT-COMPOSITION DIAGRAMS FOR THE BINARY 
SYSTEMS KBr-KCl, KBr-RbCl, KBr-RbBr 


TABLE LXXVII.- INSTABILITY CONSTANTS OF COMPLEXES INVOLVING 
POTASSIUM BROMIDE, AT tt., IN WATER AND ETHANOL?” 


KBr, 16 


KBrI, 
KCIL 


KCIBr, 


The complex halide potassium dibromoiodide, KIBr,, prepared as already 
described (Mellor, II, 610 - 611) was observed to crystallize from saturated 


aqueous solution as the monohydrate.” The halogen of a polyhalide may be 
replaced by a more electronegative one, as in:- 


ty a ROBE Sele eG ets Be 


_ Oxidation of potassium dibromoiodide by ozone yields bromine and potass- 
ium iodate. The structure of this compound is;-?°° 


K* (Br-I-Br)7 
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Analysis 


The titration of potassium bromide solutions with silver nitrate by Fajan’s 
method (using an adsorption indicator) has been found to give good results in 
the presence of nitric or sulphuric acid, with Tropaeolin OO, Sodium Alizarin 
Sulphonate, Bromophenol Blue, Formyl Violet, or Congo Red, as indicator.?°” 

In the accurate analysis of solutions by refractometry, allowance must be 
made for the variation of refractive index increments; for potassium bromide 
solutions the increment, expressed as n per 1%, varies from 0-00119, at 5-31%, 
to 0700113, at 20-15%." 

In the potentiometric titration of 0-1 N-potassium bromide with 0-1 N-silver 
nitrate, against the glass electrode, curves showing a characteristic maximum 
near the end-point were obtained. The reverse titration, of silver nitrate with 
potassium bromide, produces a minimum. Addition of 1% of gelatin changed 
the shapes of the curves; addition of electrolytes lowered the maximum and 
minimum.*” 

The detection of iodine as an impurity in potassium bromide may be carried 
out in the following way.”*° To a 5% solution of the potassium bromide is add- 
ed five drops each of 0-1N-potassium permanganate and 5N-hydrochloric acid. 
The solution is then extracted with 2c.c. of xylene; both bromine and iodine 
are liberated, the bromine reacting with the xylene, leaving the iodine to colour 
the immiscible layer. The limit of detection is said to be 0-0004g. of iodine. 


Uses 


The electrolytic preparation of potassium bromate from potassium bromide 
solution has been studied.***_ Carbon electrodes give higher energy efficiency 
than platinum; the pores must be filled with a paraffin, to prevent the other- 
wise rapid disintegration. The use of a depolariser, such as potassium di- 
chromate, is essential for high yields. | 

For photographic use, a non-caking potassium bromide is required. Small 
amounts of B,O, (0-:05%), HBO, (0-5%) or Hy BO, (0°5%) prevent caking, but do 
not interfere with the developing process.” 

A mixture of potassium bromate and potassium bromide, in the ratio of 10:1 
is suggested for use as a herbicide; metal chlorides and iron salts may be in- 
corporated as catalysts.”"° 
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SECTION LII 
POTASSIUM IODIDE 


By W.H. LEE and M. F.C. LADD 


Preparation 


Potassium iodide may be obtained by treating an aqueous solution of 
potassium hydroxide, carbonate, or bicarbonate with iodine, and reducing the 
oxyhalogen compound with various iron-carbon galvanic couples. : 

ihe preparation of ferroso-ferric iodide, from the stoicheiometric propor- 
tions of iron and iodine, has been described: decomposition with potassium 
carbonate, at 70°-80°, yields potassium iodide.* “Aluminium may replace iron 
in this process; at the optimum concentrations of 0*8 molar aluminium iodide 
(Al,I,) solution and molar potassium carbonate, the yield of potassium iodide 
is nearly 99%.° 

From technical-grade potassium chloride, pure potassium iodide, in a 96% 
yield, was obtained by distillation with constant-boiling hydriodic acid; all 
the hydrogen: chloride was removed, with a very small amount of hydrogen 
iodide. The pure crystalline salt separated in the distillation flask, and was 
washed and dried. Technical-grade potassium bromide may replace the 
chloride.°® 

Potassium iodide free from solid by-products may be obtained by reducing © 
a solution of iodine in potassium hydroxide with formic acid or formaldehyde 
using specified concentrations and temperatures.’ 

Potassium iodide may be purified in solution by the following procedure. 
A solution of a barium halide is added, to remove sulphate, and any iron pre- 
sent is oxidized by hydrogen peroxide. Alkaline-earth metals are precipitated 
by addition of a metal carbonate. The pH is reduced to 65, and on boiling 
aluminium, magnesium and silicon nee renoneds eeruce dioxide is boiled off, 
and the purified salt crystallized out.® 

Large crystals of potassium iddide, een for infra-red dispersion, have 
been grown by slowly racking up a water-cooled spindle from the melt.’ 

Controlled evaporation of potassium iodide solutions on a microscope 
slide has enabled the effect of evaporation rate on the faces developed to be 
studied.’*° Critical rates were observed, above which only octahedra are pro- 
duced; these rates have been studied in aqueous, and in non-aqueous, solu- 
tions."* The degree of supersaturation of the solution has also been found to 
affect crystal form.’? The addition of sodium nitrate (5*07A.) to potassium 
iodide solution produced octahedra of potassium iodide (4-97A.) but not of 
sodium chloride (3+07A. ); these figures in parentheses are the interionic dis- 
tances in the Chlsis) plane, all the ions in one plane being alternately metal and 
halogen.** 


Physical Properties 


Precise determinations of the lattice constant of potassium iodide, by 
electron and X-ray diffraction, show excellent agreement: a = 7+051A., within 
the experimental error of the former technique of +0°05%, For crystallites of 
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less than 100A. side, the lattice constant was about 0+5% less." 

The following values are quoted, in the A.S.T.M. X-ray Index, for the lat- 
tice constant and density of potassium iodide, at 25° a = 7s 0655A., d= 
31257.*° A later value, for spectrographically Standardized eee at 25°, 
is: a = 7+0655(5) + 0.00001(5)A. He 

For mixed crystals of potassium iodide and potassium bromide, additivity 
of lattice constant, a,,, is observed over a limited range of compositions: a,, 
= a,x + a,(1 - x), where a, is the lattice constant of the component of weight- 
fraction x.*” 

The lattice energy of potassium iodide has been recalculated, with the 
results recorded in Table I. 


TABLE I.- LATTICE ENERGY OF POTASSIUM IODIDE 


U (kg.-cal./mole) | 166 | 149 sis 150°6.| 152 | 152 
18 " :: se e 


a sarieiiaber cycle, taking the electron affinity of iodine as -59+2-kg.-cal./g.-atom; 
cf. the later value of -726 kg.-cal.™” 

b: Born-Haber cycle, taking the electron affinity of ref. 24. 

c: thermodynamic equation based on the elastic properties of the crystal. ; 

d: study of the dissociation equilibrium of potassium iodide vapour at high tempera- 
tures. 

e: calculation assuming basic radii. 

f; modified Born—Haber cycle. 

g. electrostatic model, allowing for Hino leedipole and dipol e- quadrupole interactions. 


The surface energy, defined as the work per square centimetre required to 
split the large crystal along a particular face and remove one half to infinity, 
has been calculated. The surface energy of the (001) face, for potassium 
iodide, is 749 kg.-cal. /mole, and that of the (011) face 203-0 leg: -cal./mole.*® 

The orientation of TET of potassium iodide on sodium chloride as 
substrate have been studied.” The grown or deformed metals and alloys have 
in general fibre-like structures; this has also been observed for potassium 
iodide, amongst other alkali-halide crystals, grown from the melt.” On mica, 
over growths of potassium iodide are oriented to the larger atomic network of 
the substrate.** No orientation of potassium iodide overgrowths was observed 
on potassium chloride substrate,” but orientation upon sodium ‘chloride was 
confirmed. In a later study, ioe evaporation in a vacuum on to cleavage 
surfaces of lithium fluoride, sodium chloride, potassium chloride and potas- 
sium bromide, produced eriented overgrowths a potassium iodide. The crys- 
tallographic axes of the deposit were parallel to those of the substrate.° 
Electron diffraction shows that thin deposits of potassium iodide on cleavage 
faces of calcium carbonate or sodium nitrate are arranged regularly; but the 
Ofientation is random for thicknesses above 150A.** Orientation of over- 
growths of potassium iodide on silver as sub strate was observed, for deposi- 
tion from both the vapour phase and from solution.*” 

Thin layers (about 10A. in thickness) of potassium iodide, deposited on a 
potassium iodide substrate, consisted of a part with the same orientation as 
the substrate, and a part in the twin position (111) to ite 

The heat of formation of mixed crystals has been calculated from the equa- 
tion :+ 


AH, = U bil ey, xyi/n — xU aes - x)U,/b 


where a and 6 are the lattice constants of the pure components, % is the mole- 
fraction of the component of lattice constant a, n is an integer, U, is the 
‘electrostatic’ lattice energy, and y, = a"/b"- 1. The values obtained are 
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TABLE II. - CALCULATED AND EXPERIMENTAL HEATS OF 
FORMATION OF MIXED-CRYSTALS FOR POTASSIUM 
IODIDE-POTASSIUM CHLORIDE AND POTASSIUM IODIDE-POTASSIUM BROMIDE 


Mol.-% KCl 


0-1 
005 
Oe.9 


Mol.-% KBr 


Oe 25 
0-50 
0-75 


given in Table II.** The value of the repulsion exponent n giving best agree- 
ment between experimental and calculated heats of formation is recorded; 
some of the values appear very small when compared with those applicable to 
pure components. 

It has been shown by X-ray analysis that the same solid solution is ob- 
tained, in the system potassium bromide-potassium iodide, whether the solid 
is grown from a saturated solution or from a melt with the same ratio of these 
components.** | 

The refractive indices of large crystals of potassium iodide, at wave- 
lengths from 14-29 microns (4), have been measured; for a crystal of facial 
area 5¢8 x 85 cm.?, the results recorded in Table III were obtained.*° 


TABLE III. - REFRACTIVE INDICES OF POTASSIUM IODIDE 
AT 38°, FROM A= 14 TO 29n 


A discrepancy has been reported between thermal expansion coefficients 
of potassium iodide as measured by X-ray methods and by macro methods.*’ 
The results obtained are as follows:- 


Over the temperature range 20°-100°, 10a = 40+6, 40-8, 
Over the temperature range 20°-190°, 10°a = 42+1, 427. 


The first figure in each case is the more recent X-ray result.*”2 

If the coulombic part of the lattice energy of potassium iodide is taken to 
be 163 kg.-cal./mole, and the repulsion exponent is 12+3, the coefficient of 
linear expansion is calculated to be 53+1 x 10°°. The experimental value is 
AQeT xi lOwe 

The specific gravity and the volume expansion of potassium iodide have 
been measured at a number of temperatures, with the results recorded in 
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TABLE IV. - SPECIFIC GRAVITY OF POTASSIUM IODIDE 


Temperature, °C. | Specific gravity 


3° 1968) 
3° 157 7) 


3° 161(3) 

3¢ 1345) Mellor, 1, 599 
3¢ 124(9) Mellor, 1, 599 
3° 118(0) 39 


TABLE Y.- VOLUME EXPANSION OF POTASSIUM IO DIDE 


[vol ewansion coef.) 


:; 
Mellor, II, 603 


Tables IV and V. 
The compressibility of potassium iodide and its variation with pressure 
and temperature have been measured. The results are as follows (kK = com- 


pressibility):-* 


10**k 39° 10*7k 973° Se ONLOL Ie 10*(8«/6T)p 
8°54 + 0-009 7-0 + 0-007 39-1 + 200 6-0 + 162 


This value of (8x/5P)7 applies at pressures up to 12,000 atm., and over the 
temperature range 30°-75°. (85k/5T)p applies within the temperature range 
30°-75°. | 

The elastic moduli of potassium iodide have been measured: C,, = 3632 x 
10**, C,, = 06578 x 10**, C,, = 06620 x 10%*. The value of Young’s modulus is 
3015 x 10**, and of the modulus of rigidity, 0*620 x 10%. 

The melting point of potassium iodide by direct observation is P25 Cae 
The boiling point and the critical temperature were found to be 1319°C. and 
Br95°C., re spectively.** It is considered that a more reliable value for the 
boiling point is 1420°C.*? The molar heat of vaporization is 38+1 kg.-cal./ 
mole. 

The vapour pressure of potassium iodide, at various temperatures, has 
been measured; the results may be represented by the formula: log p(atm.) = 
-(37, 150/4+57T) + 590685. The experimental results are given in Table VI,** 
together with those calculated from the formula. 


TABLE VI. - VAPOUR PRESSURE OF POTASSIUM IODIDE (t in °C.) 


From the deflection of molecules of potassium iodide in an inhomogeneous 
electric field, the value 10™%’c.g.s. units was obtained for the electric mo- 
From a similar investigation, the dipole moment at 941° was found to 
be 6-8D,*° 

When molecular beams of potassium iodide are ionized by 0-150-volt 
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electrons, the following ions are observed:*? K,I* (71), KI* (83), K* (8-1), I* 
(14-4), The values in parentheses are the ionization potentials; the relative 
current intensities due to these ions are 1+2, 225, 588 and 17+5, respectively 
(% current at 60V.). It is concluded that alkali metal halides evaporate in 
such forms as M,X, and M,X, as well as in the simple form MX. 

In mass-spectrometric analysis of potassium iodide vapour, the intensity 
of K™ was only 1/25 of that of I7.** 

The specific heat of potassium iodide within the temperature range 20° to 
660° is expressed by:- 


G = 0+0728 + (1669 x 10™)z, 
the mean deviation being 0+1%. The true specific heat c, is given by:- 
| G = d/dtlé,(¢ - 20)} g.-cal./g., 
described by:- 
Gy = 090725 + (364 x 1075)¢. 


The molar heat capacity, Cp, is 12-04 + (5+60 x 10™)¢ g.-cal. The enthalpy | 
and molar heat capacity of potassium iodide have been measured at tempera- 
tures within the range 300° to 700° with the results shown in Table VII.*° 


TABLE VII.- ENTHALPY AND MOLAR HEAT CAPACITY OF POTASSIUM IODIDE 


. | H, kg.-cal./mole 


The molar entropy of potassium iodide is 2494 g.-cal./mole/°C., at 
298-16°K.°* The heat of formation, hie is -79%67 kg.-cal./mole, and the 
free energy of formation, AGf°, is -77+52 kg.-cal./mole, both at 298+16°K.°%*° 

The heats of formation of solid solutions of potassium iodide and rubidium 
iodide have been calculated, and are recorded in Table VIII. 


TABLE VIII. - HEATS OF FORMATION OF MIXED CRYSTALS OF 
POTASSIUM IODIDE AND RUBIDIUM JODIDE 


Mol. fraction KI 


88 g.-cal./mole 
136 g.-cal./mole 
151 g.-cal./mole 
139 g.-cal./mole 
93 g.-cal./mole | 


These theoretical heats of formation apply to equilibrium at 50°C., and are 
closely proportional to the expression (6R)?/R,°; where SR is the difference 
between the interionic equilibrium distances in the pure components and RK, 
the interionic distance in the solid solution.** 


The decomposition potential (E,,) of potassium iodide has been determined 
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over the temperature range 700° to 1000°, as recorded in Table Ix.* 


TABLE IX. - DECOMPOSITION POTENTIALS OF 
POTASSIUM IODIDE, AT VARIOUS TEMPERATURES 


At temperatures between 690° and 814°, it is found that the molar electri- 
cal conductivity, “;, of potassium iodide follows the relationship:-*’ 


Hy = 85+41 + 061564(¢ - 700) 


The vapour pressures of mixtures of potassium iodide with sodium iodide 
and with potassium chloride have been measured at 1180° the results are as 


follows:-°’% 
KI-Nal 
Mol.-% KI Oy. 25 50 Ve LOO 
PKI, mm. - G0es) sHiSel: G17 Owe? 31 
KI-KC] 
Mol.-% KI 0 pt Oe oh) WD 100 
PK], mm. = 545 117-2 172-3 231 


PKC], mm. 106 80-8 S731 2306 pe 


The electrical conductivities and densities have been measured for the 
molten salt mixtures potassium iodide-sodium chloride, and potassium iodide- 
cadmium iodide. In Table X, the constants A, and E, in the conductivity ex- 
pression, k = A, exp(-E, /RT), and a and b in the density relationship, p = a - 
bt, are listed.** | 

From measurements of electrical conductivity and density of molten potas- 
sium iodide, the equivalent conductance A is found to vary with temperature, 
within the range 685° to 911°,°° according to the relationship:- 


logA = 391176 - 425032 . 2453113 log(10*/7). 


The experimental values of specific conductance k are recorded in Table XI. 

The electrical conductivity and density have also been measured for the 
molten-salt system potassium iodide-potassium chloride.°° The specific con- 
ductance is given as a function of temperature by k = -a + bt - ct?. The 
coefficients a, b and c, applicable at various compositions, are listed in 
Table XII. The standard deviation in k is less than 0-003. 

The densities of mixtures within this system may be expressed by: p =a’ 
- b't; values of the coefficients a’ and b’ for various compositions are listed 


in Table XIII. The-standard deviation of p is less than 0-0005. 
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TABLE X.- CONSTANTS IN THE ELECTRICAL CONDUCTIVITY 
AND DENSITY EQUATIONS FOR MOLTEN-SALT MIXTURES 


Potassium Iodide-Sodium Chloride 


* Results of previous investigation. °° 


TABLE XI. - SPECIFIC CONDUCTANCE OF FUSED 
POTASSIUM IODIDE, AT VARIOUS TEMPERATURES 


TABLE XII. - COEFFICIENTS IN THE SPECIFIC CONDUCTANCE EQUATION: 
kK =-a+ bt - ct”, FOR VARIOUS MIXTURES OF POTASSIUM IODIDE AND 
POTASSIUM. CHLORIDE 


80-22 710-910 
61612 © 655-910 


45« 15 600-9 10 
25° 67 630-9 10 
15-30 685-910 

604 690-9 10 
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TABLE XII. - COEFFICIENTS IN THE DENSITY EQUATION: 
P=a’ - b't, FOR VARIOUS MIXTURES OF POTASSIUM IODIDE- 
POTASSIUM CHLORIDE 


Oe 6897 711-905 
0+ 7546 679-912 


0°8257 618-903 
0-8899 640-914 
008645 706-901 
09300 68 2-904 


In Fig. 1 the specific conductance and the equivalent volume, at 800°, 
shown as functions of composition; 


800° is similarly represented. 


are 
in Fig. 2, the equivalent conductance at 


Leal 
oO 
equiv. vol.(V) in cm? /equiv. at 800° 


> 
oO 


0 20 40 60 80 100 


mol. % KCl ——> 


Fic. 1. SPECIFIC CONDUCTIVITY (K) AND EQUIVALENT 
VOL UME (V) IN THE SYSTEM KCI-KI AT 800°C, 


The breakdown field-strength for potassium iodide is 0°58 x 10° V./cm.°**? 
The dielectric constant of the solid is 5+58.° In the isomorphous series of 
solid solutions of potassium iodide and potassium bromide, the point of maxi- 
mum lattice instability, characterized by minimum melting-point, is also the 
point of maximum dielectric loss at 10° cycles/sec.®* An interesting method 
for the determination of dielectric constant consists in finding a mixture of 
two liquids, a and 6, such that a cell containing this mixture shows unchanged 
capacity when the solid dielectric is introduced ot withdrawn. With mixtures 
of benzene and nitrobenzene, the dielectric constant of potassium iodide was 
found to be 5+17,°° in reasonable agreement with the value quoted above.° 
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20 40 60 80 100 
molnok Ge 


FIG. 2, EQUIVALENT CONDUCTIVITY IN THE SYSTEM KCI-KI AT 800°C, 


From measurements of the heat of reaction of solid potassium iodide with 
solutions of the nitrates of bivalent mercury, cadmium and lead, thermodynamic 
functions relating to the formation of the complex ions HglI*, CdI* and PbIt* 
were determined.°’ The values are given in Table XIV. 


TABLE XIV.- THERMODYNAMIC FUNCTIONS RELATING 
TO THE FORMATION OF SOME COMPLEX IODIDES 


eee kg.-cal./mole| AG, kg.-cal./mole} AS, g.-cal./mole/°C.|S°, g.-cal./mole/°C 


Aqueous solutions of potassium iodide will now be considered. Densities 
and volume changes have been measured® at 18° with the results recorded in 
VWaples x V. 


TABLE XV. - DENSITIES OF POTASSIUM IODIDE SOLUTIONS, AND 
VOLUME CONTRACTIONS OF SOLUTION, PER MOLE OF SALT 
t= 18°C, 


23°077 16015300 | 7-95 
9-546 1-005569 | 830 


7+ 286 16003940 | 860 
4816 16002138 | 860 
0-000 0-998622 | 880 at infinite diln. 


The density and partial volume of solutions of potassium iodide in water 
at 25° are listed in Table XVI. 

The molalities and densities of saturated solutions of potassium iodide at 
various temperatures are given in Table XVII.”° 

The critical temperatures of aqueous solutions of potassium iodide, and 
their increase over that of water, have been measured for dilute solutions, the 
results being given in Table XVIII. a 

A review of the literature, and the redetermination of a number of values, 
gave the results shown in Table XIX for the solubility of potassium iodide in 
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TABLE XVI.- DENSITIES -AND PARTIAL VOLUMES OF AQUEOUS 
SOLUTIONS OF POTASSIUM IODIDE, AT 25°C. 


, G. of KI per c.c. 


099708 


0 

0-01 
0-04 
0-09 
0-16 
0-25 
0-36 
0-49 
O- 64 
0-81 
0-9025 
0.9500 


1.00434 
1602601 


1.06197 | 


1611208 
117619 
1- 25414 
1634576 
1- 45087 
1¢569 27 
1-63335 
1.66617 


Partial vol. of solute 


TABLE XVII. - SOLUBILITY OF POTASSIUM IODIDE IN WATER AT 
VARIOUS TEMPERATURES, AND DENSITY OF SATURATED SOLUTION 


ereane 


TABLE XVIU. - CRITICAL TEMPERATURES OF 
AQUEOUS SOLUTIONS OF POTASSIUM IODIDE 


Molarity 


0 
0°04275 
0-0855 
0-171 
0-342 


TABLE XIX. - SOLUBILITY OF POTASSIUM IODIDE 
IN WATER BETWEEN 0° AND 240°C, 


water between 0° and 240°,7? 


The mutual solubilities of potassium iodide and potassium sulphate may 
be calculated from an empirical equation applicable to two salts having a com- 


: mon ion:- 
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where S, is the solubility of the saturating salt per unit volume and S its solu- 
bility in the presence of a quantity X of the second salt, m and K being con- 
stants. This relationship holds provided there is no formation of a double 
salt, mixed crystals or hydrates.”* 

The solubility of potassium iodide in water at 25° has been measured at 
pressures up to 10* atmospheres. Some results are recorded in Table XX.” 


TABLE XX. - SOLUBILITY OF POTASSIUM JODIDE 
IN WATER, AT 25°C. UNDER HIGH PRESSURES 


1-0 


1000 
2000 
3000 


The compressibility of aqueous solutions of potassium iodide, at a con- 
stant pressure of 1000 bars, and at 25°C., is given in Table XXI as a function 
of concentration.” 


TABLE XXI. - COMPRESSIBILITY OF AQUEOUS SOLUTIONS OF 
POTASSIUM IODIDE AT 25°, AND AT 1000 BARS 


G. of KI perc.c.of soln. | Sp. compression of soln. 


The spontaneous crystallization of potassium iodide from supersaturated 
solution has been studied. Spontaneous crystallization was observed upon 
addition of much smaller crystals than Ostwald considered necessary.”° In 
another study of supersaturation, for a number of salts, including potassium 
iodide, the relationship:- 


po = B(S/8TInC,) 


was established, where B is a function of temperature, Cy is the solubility, 
and p is defined by: p =(C - C,)/C,, C being the concentration of salt in the 
supersaturated solution. At 20°, 8 has the value 13-48, and p is calculated 
to be 0°043; the experimental value is 0029.7’ 

The refractive indices of dilute aqueous solutions of potassium iodide 
have been measured.”* In Table XXII are recorded the normality (c), the dif- 
ference (6n) in refractive index of solution and solvent, and the refractivity 
function W, defined as:- 


W = 560:686n/c. 
The refractive index of water, at temperature ¢°C., is given by:- 
nD = 16333000 — 10°[0+124(t — 20) + 0+1993(t? - 400) - 5 x 10°%(¢* — 160,000)] 
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TABLE XXII.- REFRACTIVE INDICES OF AQUEOUS 
SOLUTIONS OF POTASSIUM IODIDE 
t= 18°C, 


ee [aw [a [aoe [ae | 


The molar refractivity, [R]p, for potassium iodide has been measured at 
three temperatures:- 


i ae Oe 18° 30° 
[R]p = 21-25 21637 21654. 
Within this temperature range 5R/OT has the value 0-012.” 
The molar refractivity, dispersivity and rotativity of aqueous solutions of 


potassium iodide have been measured, at 25°, for magneto-optic rotation and 
dispersion. The results are given in Table XXIII.*° 


TABLE XXIII.- MOLAR REFRACTIVITY, [R],,, MOLAR DISPERSIVITY, [D],,, 
AND MOLAR ROTATIVITY, [0],,, FOR AQUEOUS POTASSIUM IODIDE, AT 25° 


Doar | Ctl | Colm [TO 
iL 6 


22°24 | 9905 | 49 
96-1 | 492 
46-05 


Wave-length = 54614. 


The diffusion coefficients of potassium iodide in aqueous solution have 
been measured at 25°. In Table XXIV, differential diffusion coefficients, D, 
are given; D®° is the integral coefficient, defined by D° = 1/C {D.dC, applying 
to a very short period of diffusion between solution of concentration C and 
pure water.** 


TABLE XXIV. - DIFFERENTIAL AND INTEGRAL COEFFICIENTS OF 
DIFFUSION FOR POTASSIUM IODIDE SOLUTIONS, AT 25°C. 


0 ; 1-0 


2°001 2°001 
0-05 ~ 16891 1-923 15 
16865 1-900 
16859 16879 
165884 1-876 
1-995 1°896 


The viscosity of 0e0012M. potassium iodide in water is 0:008947 + 0-000001 
E-9.s, units-at.25°.°? 

Viscosity-temperature curves for potassium iodide solutions showed no 
break at the saturation temperature, from which it is deduced that there is no 
sudden change in viscosity when these solutions pass from the unsaturated to 
the supersaturated condition. The plot of 7 against 1/T is linear.** 
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Temperature coefficients of fluidity and of conductivity, for aqueous potas- 
sium iodide solutions, have been compared.** Their ratio was found to be 
approximately constant for different concentrations of the solution. 

The dependence of surface tension on concentration for aqueous solutions 
of potassium iodide has been studied over the range 0:01 to 0*3M. The results 
may be expressed by Ay = 0+2437(aa + *48a7), for a number of salt solutions; 
for potassium iodide; a = 7°2579, “48 = 2+1503, a being the activity of potas- 
sium iodide in the solution.®® The surface teAsion has-also been measured 
for solutions of potassium iodide in 2°03 mol.-% ethanol-water as solvent; the 
results are given in Table XXV.*° 


TABLE XXV. - SURFACE TENSIONS OF SOLUTIONS OF POTASSIUM JODIDE 
IN 2:03 MOL.-% ETHANOL-WATER AT 25°C, 


is 


The surface and interfacial tensions of potassium iodide solutions against 
n-hexane have been detérmined.*’ The organic solvent had b.p. 685°, d = 
0:6691 g./c.c. The results are given in Table XXVI. 


TABLE XXVI. - SURFACE TENSIONS y OF AQUEOUS SOLUTIONS OF 
POTASSIUM IODIDE AND INTERFACIAL TENSIONS a AGAINST n-HEXANE 
t = 20°C. 


[ktconen., w. | y dynes/em, | a dynes/om, 


Assuming the interfacial tension between water and mercury to be 375-0 
dynes/cm., at 20°, that of mercury and molar potassium iodide solution is 
305-0 dynes/cm. ‘A graph of interfacial tension against molarity, for potas- 
sium iodide solutions, is shown in Fig. 3.°° The work of adhesion is 2446 
ergs/cm.’ 

From a cryoscopic investipation: the hydration of the ions in 0+5M. potas- 
sium iodide corresponds to KI, 8+6H,O. oe hire hydration number 8+0 was found 
from ebullioscopic. studies of eames aqueous solutions of potassium 
iodide.°* The volume of hydration water is54c.c./mole for potassium iodide 
at infinite dilution.** The volume occupied by one molecule of hydrated 
potassium iodide, at various concentrations, has been calculated; the results 
at 18° are given in Table XXVII.*? 


TABLE XXVII. - VOLUME OCCUPIED PER MOLECULE 
BY HYDRATED POTASSIUM IODIDE AT 18° 


4.0 1647194 1606019 7.10 
2.0 1623870 102426 
10 1612102 101218 
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0 | 2 5 4 
mol./litre ——— 


Fic. 3. THE INTERFACIAL TENSION (¢,,) BETWEEN Hg AND 
SOLUTIONS OF KI AS A FUNCTION OF CONCENTRATION 

The radii of the ions has been estimated by extrapolation of the limiting 
volume occupied by the salt i in the saturated solution to the hypothetical state 
in which no water is present.’ The values ry+ = 128A. and ry- = 2:69A., 
have been obtained for the rock-salt type crystal. 

Hydration increases {with decreasing volume of the cation, along a series 
of alkali-metal iodides.’ | 

The relative lowering of vapour pressure of potassium iodide in aqueous 
solution at 23 + 1° has been investigated, with the results recorded in Table 
XXVIII.*5 

TABLE XXVIII. - RELATIVE LOWERING OF VAPOUR 
PRESSURE FOR POTASSIUM IODIDE SOLUTIONS 


0-145 


Ho Psoln, /C-PH,C 


The vapour pressures of concentrated aqueous solutions of potassium iodide 
up to saturation at 25° have been determined. The results are recorded in 


Table XXIX.”® 


TABLE XXIX. - VAPOUR PRESSURES AND MEAN-ION ACTIVITY COEFFICIENT 
OF CENA LED. cree sane SOLUTIONS OF POTASSIUM IODIDE, AT 25°C. 


236752 216516 
23686 20+ 681 


23¢620 19+822 


23° 486 18966 
23+348 18-082 
23072 17-190 
22-702 16°370 


* Saturated solution 
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The vapour pressures of concentrated aqueous solutions of potassium 
iodide have been measured at temperatures from 110° to 200°C. The results 
are given in 11 tables, of which Fig. 4 is a summary.*°? 


16 
15 
14 
2000 
13 
12 
1 /90° 
E 10 
x 
o? 189° 
: 
g ° ! 
oa, 170° | 
3 
a 6 
Ss 160° l 
5 / 
/ 
‘ 150° / 
3 140 
130° / 
2 120° a 
110° 
| 
0 
0 20 40 60 80 
gm. KI per 100 gm. solution —> 


FIG. 4. VARIATION OF VAPOUR PRESSURE OF AQUEOUS KI SOLUTICNS 
WITH CONCENTRATION, AT TEMPERATURES FROM 110° TO 200°C, THE 
CURVE DENOTED BY --- REPRESENTS THE SOLUBILITY CURVE OF KI 
BETWEEN THESE TEMPERATURE LIMITS 


The latent heat of vaporization for saturated solutions of potassium iodide 
between 30° and 40° has the mean value 10.31 kg.-cal./mole. The vapour 
pressures of supersaturated solutions may be calculated from the Clausius-— 
Clapeyron equation in the form:- 


lnp = -L,/RT + C, 


where C = 87252, and L, is the appropriate latent heat of vaporization. No 
abrupt change in the vapour pressure-temperature curve occurred in the transi- 
tion to the supersaturated region.” 
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The chemical potential of potassium iodide in aqueous solution at various 
concentrations has been determined from vapour-pressure data. The results 
are given in Table XXX; those obtained by an arithmetical interpolation are 
recorded under ‘Method 1’, those from a graphical solution under ‘Method 2’.’° 


TABLE XXX. - CHEMICAL POTENTIAL OF POTASSIUM 
IODIDE IN AQUEOUS SOLUTIONS AT 25° 


; B, g.-cal./mole | p, g.-cal./mole 
Molality Method 1 Method 2 


Partial volumes of solute and solvent in potassium iodide solutions of 
varying concentration have been measured with the results given in Table 
XX XI.” 


TABLE XXXI.- PARTIAL 'GRAM VOLUMES OF SOLUTE AND SOLVENT 
IN POTASSIUM IODIDE SOLUTIONS IN WATER AT 25°C. 


Partial g.vol., solute 


Partial g.vol., solvent 


0092435 


[Conen. of KI, g./c.c. solvent 


0°04571 1:00281 
0:09185 1.00259 
0+ 16686 1.00209 
0+ 18466 1-00196 
0.27000 1.00121 
0635477 1.00036 
0.44465 0+99932 
0+46084 0+99912 
0+ 64032 0+99970 


0-99968 


The partial molal volumes (V) of aqueous solutions of potassium iodide have 


been measured by a magnetic float method; the results are shown below; ¢ = 
25° GAolee 
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Wt.-% KI 1-5801 300682 30888 
V 45-95 46-12 46.12 
Density 1-008626 1.019729 1.019882 


The partial molal volume may be expressed by:- 
V = 45-44 + 16304, 


where m is the molality of the solution. 

The apparent partial molal heat capacities of potassium iodide in aqueous 
solutions have been evaluated. At 25° extrapolation to infinite dilution gives 
the value —30+2 g.-cal./degree, the rate of change with temperature being 0+3 
g.-cal./degree over the range 18° to 25°C.*** Heat data for aqueous solutions 
of potassium iodide are recorded in Table XXXII?” 


TABLE XXXII. - HEATS OF SOLUTION AND DILUTION FOR AQUEOUS 
SOLUTIONS OF POTASSIUM IODIDE AT 25°, EXTRAPOLATED TO 
INFINITE DILUTION 


~3036 kg.-cal./mole 
-2°60 kg.-cal./mole 
-1232 g.-cal./mole H,O 


Integral heat of solution, 
Differential heat of solution, 
Differential heat of dilution, 


A new calorimetric procedure for measurement of heats of solution of salts has 
been developed; in this investigation, it was found that pre-melted potassium 
iodide showed a slightly increased heat of solution.’ 

An equation proposed for the evaluation of standard free energies of hydra- 
tion of alkali halides gives, for potassium iodide, the value 1387 kg.-cal./ 
mole. The calculation’ is based on thermodynamic data from the literature; 
such data have recently been collected.*” 

The heat of hydration of potassium iodide is 143 kg.-cal./mole.*°° The 
assumption of equal heats of hydration of K” and F™ ions, made by Bernal and 
Fowler,*®’ is rejected, the authors choosing instead AH; (Cs*) = Ali (T); on 
this basis, they arrive at the individual heats of hydration: AH;,(K*) = 80, 
AH ;,(1-) = 63 kg.-cal./mole. 

Measurements of electrodsmosis of potassium iodide in aqueous solution 
give the following results:- - 


Molarity O-l O01 0-001 0-0001 
A, cm./sec. per volt/cm.. 0+068.252 19 403 


The hydration of the ions is discussed.*°*'” 


An electrocapillarity maximum is observed, for 0-5N. potassium iodide 
solutions, at 0+475V., and for 0*5N. potassium chloride at 0°573V.; for an 
equi-molar mixture of these two solutions, the maximum occurs at 0+521v.*” 

Changes in electromotive force of such cells as Ag | KI(aq.) | Pt, on 
adding mercuric iodide or silver iodide, have been measured:in order to study 
the formation of complex iodides; for example, the addition of mercuric iodide 
recat to saturate the potassium iodide solution changed the e.m.f. by 
0-63V. 

At 18°, the equivalent conductivity at infinite dilution from aqueous solu- 
tions of potassium iodide is 13082, the individual ionic mobilities being 
65+36 (K*) and 65-46 (I”), respectively.*!? The specific conductivity at 50° + 
0-05° of aqueous solutions of potassium iodide containing agar-agar has been 
measured.*** The results are given in Table XXXII; the agar sol and gel, 
referred to in columns 2 and 3, contained 05 g. of agar-agar per 25 ml. of 
solution. 

The equivalent conductivity and mean ionic activity coefficient for aqueous 
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TABLE XXXIII. - SPECIFIC CONDUCTIVITY OF AQUEOUS SOLUTIONS OF 
POTASSIUM JODIDE, CONTAINING AGAR-AGAR, AT 50° 


Concn. of KI x 10° (mole/1.) 


4639 
415-4 
36797 


2726 
1759 
1266 
101-7 


solutions of potassium iodide have been measured with the results givenin 
Table XXXIV.*" 


TABLE XXXIV. - EQUIVALENT CONDUCTIVITY AND ACTIVITY COEFFICIENT 
OF AQUEOUS POTASSIUM IODIDE AS A FUNCTION OF CONCENTRATION AT 25° 


Molarity 
A 


f+ 


In Table XXXV the specific conductivity of aqueous solutions of potassium 
iodide at 0° and 26° is recorded.’** 


TABLE XXX VastsP ECIFIC CONDUCTIVITY OF AQUEOUS 
SOLUTIONS OF POTASSIUM IODIDE 


Extensive determinations of equivalent conductivity of aqueous solutions of 
potassium iodide have been made at.several temperatures; the results are 
given in Table XXXVI.**° In this Table 6 represents the deviation 
100(M°caic.—M obs.) 

From the measured equivalent conductivities of aqueous potassium iodide 
solutions at 25°, limiting values for infinite dilution have been calculated from 
the equation:- 


”, 

Se (Nee eas) 

(1 i. Oc’) ’ 
where 6 = 30:09, and 0 = 02289. Table XXXVII gives the results obtained."’’ 

The limiting ionic mobilities are 73*50 and 76:97, for K* and I”, respec- 
tively. . 

The increase in conductivity of potassium iodide solutions due to greatly 
increased field-strength (the Wien effect’’®) is shown in Fig. 5.°”” 

The effect of iodine on the specific conductivities of potassium iodide 
solutions has been studied at temperatures between 15° and 50°,’* the results 
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TABLE XXXVI. - EQUIVALENT CONDUCTIVITIES OF 
AQUEOUS SOLUTIONS OF POTASSIUM IODIDE 


eA [e 


0 95.32 | - 0 121683 
0.9822 93+ 60 0-9068 | 11967 
| 166750 93609 200018 | 118-68 
| 27735 | 9250 368038 | 11757 | 0 
498149 91.69 5e7454 | 116668 | 0 
| 68829 91-06 724005 | 11608 | 0 
| 87610 90-60 962226 | 11550 | 0 
11362357 89-71 12-6653 | 11459 | 0 
118-3163 88-92 1669408 | 113-62 
t = 25°C. t =°35°C. 
0 150.34 | - 0 180-60 | - | 
163835 | 14700 | -1 | 162633 | 17663 | -2 
169682 | 14638 | 0 24626 | 175613 | 0 
308674 | 14495 | -3 | 369050 | 173683 | +1 
39858 | 14485 | 0 569058 | 172042 | +1 
568982 | 14378 | -1 | 74725 | 171657 | 43 
666355 | 14342 | 0 93285 | 170661 | +1 
162957 1149018 PSI) 1362299) )n-160602 14 
89114 | 14247 | 0 | 178220 | 16751 | -2 
89277 | 142645 | 41 , 
1167214 | 141.50 | -2 
1569940 | 140.27 | -1 | 
t = 45°C. t = 55°C. 
Ger ame T 1 T + 
| 0 212613 0 244-73 | - 
| 166373 | 20670 152527 | 288840) 0— 1 
| 29458 | 20492 302462 | 235083 | +1 
37024 | 20415 4.9941 | 233-90 | +1 
5°7514 | 202637 69'704.0) (23217 1 
961338 | 200617 | 86627 | 230689 | +1 
1363067 | 198-10 10°6530 | 229-61 | +1 
17°3469 | 19652 12-8409 | 22839 | -2 
2 1661548 | 22675 
5 “00073 m 
Ar 00036 m 
aN 
“00017 m 
302 555 100 \37 180 22 257 
KV/cm. 


FIG. 5. SPECIFIC INCREASE IN CONDUCTIVITY (A) AS A FUNCTION OF 
APPLIED FIELD STRENGTH FOR DIFFERING MOL ARITIES (m) 


i% 
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TABLE XXXVI. - EQUIVALENT CONDUCTIVITIES OF POTASSIUM IODIDE 
SOLUTIONS AND CALCULATED LIMITING VALUES AT INFINITE DILUTION 
t = 25° 


A? 
14842 | 150.54 
14760 | 15059 
146648 | 150-71 
| 144038 15108 


being given in Table XXXVIII. The results are interpreted in terms of forma- 
tion of the less mobile I, ion. 
TABLE XXXVIII.- SPECIFIC CONDUCTIVITIES OF POTASSIUM IODIDE 
SOLUTIONS (40% BY WEIGHT) CONTAINING IODINE 


| 
0 


oT C, 
19 35 


Transference numbers for aqueous solutions of potassium iodide have been 
determined at 25° -'?? 
Molarity 001 0-02 0-05 0-10 O+ 20 
ty + 0:4884 04883 04882 0+4883 04887 


A more extended series of results is shown in Table XXXIX.'”? 


TABLE XXXIX. - TRANSPORT NUMBERS AND ACTIVITY COEFFICIENTS 
FOR AQUEOUS POTASSIUM IODIDE SOLUTIONS (t = 25°C.) 


0+4917 
0-300 0-709 - 

0-500 0-666 | 0.4878 | 
1-000 0-674 = 
2°000 0-645 od 


aizh a oe & 


Activity coefficients for potassium iodide solutions have been determined from 
the electromotive force of the cell:- 


Ag| Agl | KI(m) | K-Hg | KI(m') | Agl | Ag 
are shown below:- 


Molarity O-l1 093 065 10 2.0 
V4 0:775 0+715 0+678 0+649 0+646 


The results!”° 


Activities have also been calculated from isopiestic data, the results com- 
paring favourably with those from e.m.f. measurements, as is shown by com- 
paring the results in Table XL*™ with those of refs, 122 and 123. 


TABLE XL. - MEAN ION ACTIVITY COEFFICIENTS FOR 
AQUEOUS SOLUTIONS OF POTASSIUM IODIDE AT 25° 


Mol ality Molality 
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The activity of the solvent in aqueous solutions of potassium iodide has been 
determined at several temperatures by the vapour-pressure method.’”* For a 
solution containing 152 g. per 100 g. of water, the results below were obtained:- 


Temperature, °C. 35 40 45 50." 
0-720 0-711 0-711 0-735 


From a study of centrifugal-e.m.f. cells, with potassium iodide-iodine as 
electrolyte, it is concluded that in these solutions two atoms of iodine com- 
bine with one iodide ion to form the I, ion.’”° 

The Soret coefficient for potassium iodide has been determined at several 
temperatures,’”’ the concentration being 0-05N.:- 


EP Get0 40 50 60 
10°S = -0-14 0-93 1-75 2+ 40 


These results were determined with a temperature difference of 17° between 
the two vessels. For alkali halides, e.g. potassium iodide, the Soret coeffi- 
cient of the electrolyte is the sum of the values for its ions, within the experi- 
mental error, for the concentration chosen. 

The dielectric constant of dilute solutions of potassium iodide has been 
determined at 25°, and the results are given in Table XLI.*” 


Asolvent 


TABLE XLI. - DIELECTRIC CONSTANT OF DILUTE SOLUTIONS 
OF POTASSIUM IODIDE AT 25°C, 


-D 


D 


soln. “ water 


Values of the magnetic susceptibility of potassium iodide in aqueous solu- 
tions at 20° are given below:-'” 


We.-% KI 3309 43655 -«57*23~—-:100 
~107p 612) 5.818 5. 30mm ieso7 


The solubility of potassium iodide has been determined in potassium 
hydroxide solutions at 20°, as recorded in Table XLII.**° 


TABLE XLII. - SOLUBILITY OF POTASSIUM IODIDE IN 
AQUEOUS POTASSIUM HYDROXIDE SOLUTION 


2405 | 4454 


a 


Similar results for solubilities in sodium hydroxide solution at 20° are given in 
Table XEINS 

Turning to the properties of potassium iodide in non-aqueous solutions, its 
solubility in liquid ammonia at O0°C. is 184 g. per 100 g. of ammonia.**? 

From vapour-pressure measurements the activity coefficient of potassium 
iodide in liquid sulphur dioxide has been determined with the results shown in 
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TABLE XLIII. - SOLUBILITY OF POTASSIUM IODIDE IN 
AQUEOUS SODIUM HYDROXIDE SOLUTION 


NaOH 


Molarity 


TABLE XLIV. - ACTIVITY COEFFICIENTS OF POTASSIUM 
IODIDE IN LIQUID SULPHUR DIOXIDE AT 25°C. 


Pso, = 290-63 cm. 


0-0000128 | 0-989 0-50 0-0602 


0-0097 


0-0000641 | 0-655 0-07138 | 0-00838 
0-000128 0-471 0-08230 | 0-00742 
0-000 640 0-186 0-09297 | 0-00670 
000120 0-094 0-10339 | 0-00615 
0-006365 0°05 28 0-11357 | 000577 
001265 0-0335 0-16120 | 000477 
0-0 2498 0-0204 0-20397 | 0-00468 
003701 0-0148 0+ 24260 | 0-00492 
004875 0-0117 | 0-27765 | 000524 


Table XLIV.'** 

The electrical conductivity of solutions of potassium iodide in liquid 
phosphorus oxychloride has been measured. The solubility of potassium 
iodide is 1-71 g./l. and the specific conductivity of the saturated solution is 
162 x 10% ohm “*cm.’.*** The specific conductivity of potassium iodide in 
aluminium iodide as solvent at 200° is recorded in Table XLV, and the tem- 
perature variation for a 20 mol.-% solution in Table XLVI.** 


TABLE XLV. - SPECIFIC CONDUCTIVITY OF POTASSIUM 
IODIDE SOLUTIONS IN ALUMINIUM IODIDE AT 200°C, 


TABLE XLVI. - TEMPERATURE VARIATION OF SPECIFIC CONDUCTIVITY OF 
20 MOL.-% POTASSIUM IODIDE IN ALUMINIUM IODIDE AS SOLVENT 


[Po [ive [re [atk [Fo [a 
190 230 5074 | 260 6472 


5584 | 270 
5920 | 280 


The molecular conductivity of potassium iodide in aluminium iodide has been 
calculated from the data of Table XLVI, and is given for each dilution, 4, in 
Table XLVI;** it is observed that molar conductivity decreases with in- 
creasing dilution, and this is ascribed to complex formation in this system. 
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TABLE XLVII. - MOLAR CONDUCTIVITY OF POTASSIUM IODIDE 
IN ALUMINIUM IODIDE AS SOLVENT, AT 200° 


d,c.c./mole KI d, c.c./mole KI 


The solubility of potassium iodide in methanol-water mixtures at 25° has 
been measured, and is recorded in Table XLVIII.**® 


TABLE XLVII. - SOLUBILITY OF POTASSIUM IODIDE 
IN METHANOL-WATER MIXTURES AT 25° 


An attempt is made to interpret these results in terms of the variation in di- 
electric constant of the solvent. 

The solubility in methanol-water and ethanol-water mixtures has been 
measured at 10° and 20°.**” The results are shown, in comparison with those 
for potassium bromide, in Figs. 9 and 10. 

The effect of sodium and magnesium iodides on the solubility of potassium 
iodide in ethanol has been investigated; the solubility of the potassium iodide 
decreases as the concentration of the added salt increases.*** The results 
are given in Table XLIX, © 


TABLE XLIX. - SOLUBILITY OF POTASSIUM IODIDE IN ETHANOL 
IN THE PRESENCE OF SODIUM AND MAGNESIUM IODIDES 
t= 25°C. 


G. Nal/100g. EtOH | G. KI/100g. EtOH oe 


0.7970 
0.8215 
0+8378 


0+8502 
0-8921 
0+9614 
1-0500 


continued on the following page 
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TABLE XLIX (continued) 


G. Mel,/100g. EtOH | G. KI/100g. EtOH | a25 


0 16824 


1-502 0-8161 

16513 008202 

16578 0-8317 

1°56 0°8420 

1-393 0°8634 

1-195 0-9037 

| 1782 , 16116 , 099182 


The mean ion activity coefficient of the solute, and the activity of the sol- 
vent, have been measured- for potassium iodide solutions in ethanol;**? the 
results are listed in Table L, and apply at the boiling-point of the solvent. 


TABLE L.- MEAN ION ACTIVITY COEFFICIENTS OF POTASSIUM IODIDE 
IN ETHANOL SOLUTION AND THE ACTIVITY OF THE SOLVENT 
t = 788°C. 


0-01 0-1446 | 09989 


0-02 09978 

0-05 0:9947 

0-075 0°9920 

0- 100 0-9894 

0+125 09867 
| O+ 150 


0-9841 


The results of solubility determinations in some organic solvents, at 18° and 
I 140 


25°, are given in Table LI. 


TABLE LI. - SOLUBILITY OF POTASSIUM IODIDE IN SOME ORGANIC SOLVENTS 


Methanol 0-900 ea? 0+765 
Methanol - 0+898 17-0 | 0+785 
Acetonitrile 18° 0-798 21 0+ 10 
Acetonitrile 25° 0°795 11 0+ 10 
Formic acid 18° 1.479 35-0 231 | 

| Formic acid | 25° 1.476 353 632 | 


The solubility of potassium iodide in acetone at various temperatures has been 
measured, as shown in Table LI. It is concluded that below -57+5° the solute 
is most probably KI,5C,H,O; over the range of temperatures recorded, the heat 
Pe clvatitiitaries tromit-14-6. to -18-0 kg.-cal./mole.**? 

The solubility relative to that in water has been determined for potassium 
iodide in aqueous acetone; the results are given in Table LIII.**? 

The solubility of =potassium iodide in aqueous glycol and the densities of 
these solutions at 30° are given in Table LIV.*** 

The specific volume of potassium iodide in glycol solutions has been mea- 
sured, at 25°, with the results shown below:-*** 


Wt.-fraction KI 0:06857  0+13469 0+20924  0+28526 
Sp. vol., ml. 0685918 081924 0+77460 0+72932 


The viscosity of solutions of potassium iodide in aqueous ethanol solutions 
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TABLE LIL. - SOLUBILITY OF POTASSIUM JODIDE IN ACETONE 


TABLE LI. - SOLUBILITY OF POTASSIUM IODIDE IN 
AQUEOUS ACETONE RELATIVE TO THAT IN WATER 


Acetone (g./100g.soln.) | Rel. soly. | Acetone (g./ 100g. soln. ) 


TABLE LIV. - SOLUBILITY OF POTASSIUM IODIDE IN AQUEOUS 
GLYCOL AND DENSITIES OF SOLUTIONS AT 30° 


KI (wt.-%) | Density 


TABLE LV. - VISCOSITY OF ETHANOL-WATER SOLUTIONS OF 
POTASSIUM IODIDE, AT 20°, 40° AND 60° 


1077, c.g.s. units 
12-021 


39°007 


12-018 


39°004 


6-001 


has been determined,**® as recorded in Table LV. 

in’ Table LVI, the densities and viscosities of solutions of potassium 
iodide in methanol are listed.!*° 

The relative viscosity of more concentrated solutions of potassium iodide 
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TABLE LVI.- DENSITIES AND VISCOSITIES OF METHANOL 
SOLUTIONS OF POTASSIUM IODIDE AT 25°C. 


‘Density 


000569 0-79597 
0-00571 0+79830 
0-00588 0-80601 
0.00595 0-8 1018 
0.00609 0-81701 


0-00667 0+84660 


TABLE LVII.- RELATIVE VISCOSITIES OF METHANOL 
SOLUTIONS OF POTASSIUM IODIDE, 7)s/1 


G. solute/100g. MeOH 


10-0 
20°0 
in methanol is given in Table LVII.**’ 
The change of relative viscosity with temperature has been studied for 
solutions of potassium iodide in methanol and in glycerol.*** The results ob- 


tained, together with viscosity-concentration and density-—concentration rela- 
tionships for these solutions, are shown in Figs. 6, 7 and 8. The Griineisen 


70 
KI/C,H,(OH), 
60 60 
t 50 50 
oe KI/MeOH fe) 
4 
40 40 
30 30 
20 20 
-94 295 °96 ‘97 -98 \-23 1-24 1-25 \-26 
To (c.g.s) a Tip (c.g.s) — 


FIG. 6. THE VARIATION OF RELATIVE VISCOSITY WITH TEMPERATURE FOR 
APPROXIMATELY 0:5 MOL AR SOLUTIONS OF KI IN'GLYCEROL AND METHANOL 


function, (7) - 1)/c, where 7, is the relative viscosity at concentration c, is 
tabulated for potassium iodide solutions in glycerol and in methanol in Table 
fey iT *** 

The Table shows a minimum in G for solutions in glycerol, such as was 
observed by Griineisen for aqueous salt solutions; it is concluded that, in 
glycerol solutions, potassium iodide behaves as a ‘water-electrolyte’. 
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FIG. 7. THE VARIATION OF RELATIVE VISCOSITY (7) AND DENSITY (d) 
WITH MOL ARITY OF KI IN MeOH SOLUTION AT 25° AND 50°C. 


TABLE LVIII. - THE GRUNEISEN FUNCTION, G, FOR METHANOL AND 
GLYCEROL SOLUTIONS OF POTASSIUM IODIDE AT 25°C. 


KI—Methanol KI—Glycerol 


-0- 100 
—0- 120 
-0°123 
—0+ 125 
—0- 124 
-0-120 
-0-117 
-0+114 
—0- 109 


No minimum is observed, within the concentration range studied, for metha- 
nol solutions, and the viscosity-temperature relationship is that of a. ‘water 
non-electrolyte’. The surface tension of solutions of potassium iodide in 


Refs. p. 1838 


a a 


seul IODIDE 1811 


t os 


No (c.g.s) 
0:90 


0°88 


) Oz 0-4 0°6 0°8 1-0 2 1-4 1-6 I°8 
C (mole./litre) ——» 


Fic. 8. THE VARIATION OF RELATIVE VISCOSITY (7,) AND DENSITY (d) 
WITH MOLARITY OF KIIN'GLYCEROL SOLUTION AT 25° AND 50°C. 


ethanol-water (203 mol.-% ethanol) has been measured, with the results listed 
fy Lable LIX,’* 


TABLE LIX. - SURFACE TENSION OF SOLUTIONS OF POTASSIUM IODIDE 
IN A 203 MOL.-% ETHANOL-WATER MIXTURE AT 25°C, 


y, dynes/cm. 


(Ysolvent = 55°61 dynes/cm. ) 


The compressibility of potassium iodide solutions in glycol is recorded in 
Table LX.**° 


Potassium iodide behaves as an ideal electrolyte in cryoscopic measure- 
ments of solutions in anhydrous hydrogen cyanide.**' The solvent has a 
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0 mel 2 3 4 5 6 7 8 


Spark gap (mm.) ——> 
FIG. 9. WIEN EFFECT FOR KI IN ACETONE 
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¢ (micro-equivs./litre) ——»~ 
FIG. 10. VARIATION OF ‘ZETA’ POTENTIALS OF KI SOLUTIONS 
IN ORGANIC SOLVENTS WITH CONCENTRATION 


TABLE LX. - COMPRESSIBILITY OF POTASSIUM JODIDE 
SOLUTIONS IN GLYCOL AT 25°C. 


Wt. fraction KI | 10* dd/dp | 10* d6/ dp 


0.06857 20 
0+ 13469 
0+ 20924 
0+ 28526 


(fp = apparent volume, 0 = relative volume change) 
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freezing point of 259:9°K., and ideality is observed up to concentrations of 
0-139M. KI, with a freezing-point depression of 0*688°. The heat of solution 
of potassium iodide in liquid ammonia at —33° is 5°90 kg.-cal./mole, compared 
with the value -5+1l for water.**? Some molar heats of solution are given in 


Pable- LXTi** 


TABLE LXI.- MOLAR HEAT OF SOLUTION OF POTASSIUM 
IODIDE IN LIQUID AMMONIA AT -33>4C, 


AH goin,» k8--cal. A i ek eal: 


Adiabatic compressibilities have been determined for concentrated solu- 
tions of potassium iodide in liquid ammonia, at temperatures between —30° and 
-70°, by sound-velocity measurements. The compressibility B is given, in 
the appropriate units, by B = 1/c?p, where c is the velocity of sound in the 
solution, and p its density. Over the range of mole-ratio log,, (NH;)/(KI) = 
165-25, 10'78 = 40-47,'534 

The molar heats of solution of potassium iodide in methanol and ethanol 
are +0°647 and -0+740 kg.-cal., respectively, at infinite dilution.*** The 
heats of transfer from solvent a to salvent b, in kg.-cal./mole,'™* are given 
below:- 


a: McOH@® sWaters |) Water 
b: EtOH EtOH Me OH 
AH: | -1.3 +4e3 +507 


The heat of dissociation of potassium iodide in benzonitrile is -3 kg.-cal./ 
mole, and AH of solvation is estimated to be +233 kg.-cal./mole. The mean 
value of the dissociation constant at various temperatures is given below:-'** 


‘emperature: #00) 4224 40°50" 70° 
10°Km ean eel hee mci emote 


The following heats of solution of potassium iodide in formamide have 
been measured; the results are in g.-cal./mole, at 25°C.:-1*° 


Final concn. (molality) 0144  0+275 

AH .(integral) -1053 -1071 
In general, for molality m, AH, = —1000 - 257m within the range 0+1-0+4 molal 
KI. 

The equivalent conductivity of potassium iodide solutions in liquid hydra- 
zine, at 25°, has been determined; the results may be represented by the equa- 
tion:- 

Ag = 13267 - 1400% 


as shown in Table LXII.**’ 


TABLE LXII. - EQUIVALENT CONDUCTIVITY OF POTASSIUM 
IODIDE IN LIQUID HYDRAZINE AT 25° 
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The specific conductivity of the solvent was lel - 2:0 x 10° at 0°, and 2+3 - 
268. <e10"3 ate don. 

The conductivity data for solutions of potassium iodide in organic sol- 
vents reported over the period 1899-1926 have been reviewed in the light of 
the Debye-Huickel theory.*** The equivalent conductivity of potassium iodide 
solutions in ethanol has been determined; it is concluded that, at the greatest 
dilution used, dissociation is incomplete. The values obtained are given in 
Tables xe. 


TABLE LXIII. - EQUIVALENT CONDUCTIVITY OF 
POTASSIUM IODIDE IN ETH ANOL 
= 25°C, 


V, litres/mole | 10* mole/l. 


625 
312°5 
1563 
78+ 125 
39°0 63 
196531 
9-765 
4°883 
20441 


The solvent was dried by refluxing over lime, and had a specific conductivity 
of 0°15 x 10° at 25°. Subsequent conductivity studies have, however, been 
made in ethanol of considerably lower specific conductivity, 0»003 x 10°° at 
25°, and the preparation of this solvent has been described; equivalent con- 
ductivities of potassium iodide in this are shown in Table LXIV.*® 


TABLE LXIV.- EQUIVALENT CONDUCTIVITY OF POTASSIUM 
IODIDE IN ‘ABSOLUTE’ CONDUCTIVITY ETHANOL 
t = 25°C, 


10+ 268 


13-612 
14-050 


The conductivities of potassium iodide solutions in aqueous ethanol have 
been found to follow the Kohlrausch equation: Ag = A, - Xc’. The change 
in A, is approximately proportional to the change in fluidity of the solution, up 
to 20 mol.-% ethanol; X in the above equation shows good agreement with the 
Onsager slope. Some of the experimental results are recorded in Table LXV.** 

The variation of the equivalent conductivity with concentration in pure 
ethanol is recorded in Table LX VI.*° 

The equivalent conductivities of potassium iodide solutions in methanol 
and in acetone at various temperatures have been measured with the results 
shown in Table LXVII.** 

A comparison of the equivalent conductivities of potassium iodide solu- 
tions in ethanol at different temperatures is made in Table LXVIII.*** 

The following ionic mobilities have been determined:- 


Af+ 20685 (t = 25°), 13653 (t = 4°) 
Af- 28°80 (¢ = 25°), 19.30 (t = 4°) 
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TABLE LXV. - ELECTRICAL CONDUCTIVITY DATA FOR SOME 
SOLUTIONS OF POTASSIUM IODIDE IN AQUEOUS ETHANOL 
t = 25°C, 


7 c.g.S. units 


151-05 0-0089 1 

123-73 0-01190 

6°83 93¢67 0.01582 
22°70 55°05 0°02309 
44°63 48-12 0-0 2098 
75e 50 49615 0-01490 
50-72 0-01101 


TABLE LXVI.- EQUIVALENT CONDUCTIVITY OF 
POTASSIUM IODIDE IN ETHANOL 
L= DASE OR 


14764 
146.3 
126447 | 14866 | 56420 | 14505) 


The extrapolated value of A, was 15105 


TABLE LXVII. - EQUIVALENT CONDUCTIVITY OF POTASSIUM 
IODIDE IN METHANOL AND IN ACETONE 


0-494 5199 85e 2 15164 
0» 2077 622 
0-01969 87+ 1 
0-00197 1052 


G. KI/1. acetone 


0.01478 
0-00034 


1052 | 12068 

(1769 | 237 

TABLE LXVIIL - EQUIVALENT CONDUCTIVITIES OF POTASSIUM IODIDE 
SOLUTIONS IN ETHANOL AT VARIOUS TEMPERATURES 


t= 4, 10% = 0-007 | ¢= 15°, 10° = 0.0072 t= 25°, 10% = 0.0085 | 


| : 
10*¢ Ne | 
0 49. 65 

0+6525 | 47.99 


0:9873 | 3179 
263186 
4.4984 
6°3003 | 30-08 
8-6010 | 29-56 
12.6080 


165363 | 4751 
2°5849 | 4679 
4°4740 | 45°87 
61126 | 45-02 
8° 2691 | 44-18 
| 1168163 | 4305 
bee | 

kK is the specific conductivity of the solvent 


The heat of solvation of potassium iodide in ethanol is +545 kg.-cal./mole in 
the temperature range 4°-15°C., and +39 kg.-cal./mole in the range 15° 
25°C.*°* The conductivity of potassium iodide in normal and isopropyl 
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alcohols is recorded in Table LXIX,*% together with the dissociation con- 
stants in these solvents as calculated from Ostwald’s dilution law and by the 
method of Fuoss and Kraus.*®* 


TABLE LXIx. - EQUIVALENT CONDUCTIVITY AND DISSOCIATION CONSTANT OF 
POTASSIUM IODIDE IN n-PROPYL AND iso-PROPYL ALCOHOLS AT 25° 


n-Propyl alcohol 


10* x Molarity | A, 10°K(Ostwald) | 10°K(Fuoss and Kraus) 


20°42 - 
22039 1-998 
21-19 - 
20-12 - 
19-07 2+890 


16°55 1s 274 16441 
15°71 1s 323 | 16539 


At 20° the equivalent conductivity of potassium iodide in methanol at infinite 
dilution, Ay, is 1105. The experimental M/ch slope is 218 as against the 
Onsager slope of 231; from this the ‘effective’ dielectric constant of methanol 
at 20° is calculated to be 35+9,**° 

The equivalent conductivities of more concentrated solutions of potassium 
iodide in methanol at various temperatures are given in Table LXX.*°’ 


TABLE LXX.- EQUIVALENT CONDUCTIVITIES OF CONCENTRATED 
SOLUTIONS OF POTASSIUM IODIDE IN METHANOL 


39°6 


The limiting equivalent conductivity, A,, = 114°5 at 24°. A comparison of 
equivalent conductivities for this solute in water and in methanol, at 25°, and 
the resulting ionic mobilities, are shown in Table LXXI.*°* 


TABLE LXXI.- EQUIVALENT CONDUCTIVITIES OF AQUEOUS AND 
METHANOL SOLUTIONS OF POTASSIUM IODIDE AT 25° 


150+47 115615 146-48 103+74 
- 112652 - 101-50 
111-43 144+ 38 98-16 


148-42 109+ 29 73-50 52:40 
147-60 106-94 — 76697 62°75 


The conductivity of potassium iodide solutions in acetone, and the ionic 
mobilities, are given in Table LXXII’*’ and LXXIII. 


Refs. p. 1838 


5301 IODIDE hy 


TABLE LXXII.- EQUIVALENT CONDUCTIVITY OF POTASSIUM 
JODIDE SOLUTIONS IN ACETONE AT 25°C. 


10° 


165e3 
162.0 | 
160-9 
1580 
1525 
15009 


TABLE LXXIII. - LIMITING IONIC MOBILITIES FOR POTASSIUM 
IODIDE IN VARIOUS ORGANIC SOLVENTS AT 25°C. 


[ [Acetone | Ethanol | Methanol 
NoKT = | 697 24s 6 5395 7468 
AGE = | 11509 Bosal 6% 76:7 


The following are the limiting equivalent conductivities for this system at dif- 
ferent temperatures:-’” 


t° = 0 25 50 
Ewen 789118556, 9722082 


The Wien effect (increased conductivity due to high field-strength) for 
potassium iodide in acetone is shown in Fig. 9,*”° where the field strength is 
represented by the spark gap of the generator in mm. ‘The purification of ace- 
tone for conductimetric studies and the physical properties of the solvent have 
been studied. In this solvent, the limiting equivalent conductivity of potas- 
sium iodide was 192+8 ohm™“cm. at 25°; the limiting mobility of the cation 
was 80-5.*7* Equivalent conductivities of potassium iodide in such ‘grade I’ 
acetone are recorded in Table LXXIV.*7?7 


TABLE LXXIV. - EQUIVALENT CONDUCTIVITY OF POTASSIUM 


IODIDE SOLUTIONS IN ACETONE AT 25°C. 
10"K solvent 


10* A | 10’ 1yent | 10* x Molarity. 


x Molarity 
0 


0» 236 4-317 17604 

O- 236 0°8704 ; 6°495 171+1 
0-209 1.007 6950 169°8 
0-213 16055 8°555 16666 
0-210 1-953 0-210 9-189 1656 
2675 10-186 16269 

4-124 15370 156+7 


* After Fuoss.*® 
(Density of acetone, d3° = 0+7840 + 0-0001.) 


From the above results, the following Stokes radii have been derived: mt= 
3027A.; LG hong => 2°36A. 

The equivalent conductivity of potassium iodide solutions in methyl ethyl 
ketone has been shown to follow the relationship A, = Ag + a.c2; A, at 25° = 
148, a = 1352. Limiting ionic mobilities (A) and solvation numbers (S) in 
some organic solvents are as shown on the following page.*” 

The results of conductivity measurements on solutions of potassium iodide 
in nitromethane are given in Tables LXXV and LXXVI. 
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Methyl Ethyl Methyl ethyl — apes 
alcohol alcohol Acetone ketone Acetonitrile 
d+ 5305 2405 69:6 650 859 
A 61-0 26°4 116-0 82-3 101-0 
ST - 1 2 0-1 021 0-1 


TABLE LXXV. - EQUIVALENT CONDUCTIVITY, AND FLUIDITY, 
OF POTASSIUM JODIDE IN NITROMETHANE’” 


A (c = 0-008) | 170.7 
25408 


(* A later value,’”* 122, is in rather better agreement than the result in Table LXXVI.) 


TABLE LXXVI.- EQUIVALENT CONDUCTIVITY OF POTASSIUM 
IODIDE IN NITROMETHANE AT 25°C," 


These results may be represented by the equation:- 
A = 1212 - 304c% 
The constants listed below apply to the equation:- 
A, = Ay - ac’, 
for potassium iodide in some organic solvents at 25°. 


Ethyl cyanoacetate: A, = 25-01, a = 115-2 (Ref. 176) 
o- Toluonitrile: A, = 41508, a = 253+3 (Ref. 176) 
Benzonitrile: A, = 52°12, a = 263-3 (Ref. 177) 


In the last solvent the mean ionic radius is 7Ky = 2*57A., and the ionic mobili- 
ties are A°yt = 22:6, MT- = 29557 i 
The following are the molar conductivities at 18° for potassium iodide in 
epichlorhydrin (boiling point 115°):-*7° 
V, litres/mole 60 120 240 480 
pL, ohm™ 138 156 19-2 25+4 


Conductivities in acetophenone are recorded in Table LXXVII.*” 


Conductivity data for potassium iodide in ethylenediamine solution are 
shown in Table LX XVIII.**° 
The following are the molar conductivities of potassium iodide in fused 
acetamide at 90°:-**? 
V, litres/g.-equiv. 10 40 160 320 960 eo 
pe 30°-4 3368 380 3901 40:5 43 


The solvent had the specific conductivity 1+5 x 10°° ohm™ at 90°. 
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TABLE LXXVII. - CONDUCTIVITY OF POTASSIUM IODIDE 
SOLUTIONS IN ACETOPHENONE AT CONCENTRATION c 
(IN G.- FORMULA WT, PER LITRE IN VACUO) 


TABLE LXXVII. - CONDUCTIVITY OF POTASSIUM IODIDE 
See IONe IN ETHYLENEDIAMINE AT 25°C 


The solvent had specific conductivity kK = 9 x 10°ohm™ at 25°. The re- 
sults are interpreted in terms of the generalized acid-base theory. 


Conductivity data for solutions of potassium iodide in N-methylacetamide 
are reported in Table LXXIX.**” 


TABLE LXXIX.- CONDUCTIVITY DATA FOR SOLUTIONS OF 
ORE SIL IODIDE IN N-METHYLACETAMIDE 


Dielectric const. 
1063 


18-1 | 0-705 1164 


13-7 ‘3 


Data for dimethylformamide solutions of potassium ROL gE are given in Table 
xxx, *°* 


TABLE LXXX. - EQUIVALENT CONDUCTIVITY OF POTASSIUM 
IONIDE SOLUTIONS IN DIME THYLFORMAMIDE ATS 


10* Molarity 104 Molarity 


(Onsager slope, 158; observed slope, 137. A, = 826 at 25°C.) 


Some interesting results were given by a study of more concentrated solu- 
tions in ethylenediamine: the equivalent conductivity shows a maximum at 
about 0°9N, presumably as a result of solute-solvent interaction. 

Further results at 15°, 50° and 80° are also given. 

Conductivity studies in furfural gave the results shown in Table LXXXII.2° 

The solvent had the specific conductivity 1:38 - 4°77 x 10° ohm” at 25°. 
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TABLE LXXXI. - EQUIVALENT CONDUCTIVITY OF CONCENTRATED 
SOLUTIONS OF POTASSIUM JODIDE IN ETHYLENEDIAMINE AT 25°C.*** 


Normality 


oe 


TABLE LXXXII.- EQUIVALENT CONDUCTIVITY OF POTASSIUM 
a SOLUTIONS IN FURFURAL AT Ta 


ie 43-10 at 25° 


The solvation of the cation was estimated to be about 1-44, compared with 1+3 
in aqueous solutions. 

In the mixed solvent ethylenediamine-methanol, having d?° = 0+8829, vis- 
cosity 0°0167 poise at 20° and dielectric constant, 27+2, potassium iodide was 
only partially dissociated; 10°K = 1°47 at 20°.**° 

The distribution of potassium iodide between glycol and ethyl acetate has 
been measured, with the results shown in Table LXXXIII. The activity coef- 
ficient of the solute is estimated to vary from 1-02 (at 0°0694 molarity) to 1+14 
(at 0°2770 molarity) in the solvent glycol, the activity coefficient of ammonium 
iodide in this solvent being taken to be 1-0 within this range of concentration.**’ 


TABLE LXXXIIl. -- DISTRIBUTION OF POTASSIUM JODIDE 
BETWEEN GLYCOL AND ETHYL ACETATE 


'Moles/1. KI in glycol, =a 


Moles/l. KI in EtOAc, = b 
0-0 694 0-0358 
0-1511 0-0822 
0- 1870 0- 1020 
0-2123 0-1172 
0.2770 0. 1590 


The zeta-potential and its variation with concentration for potassium 
iodide solutions in a number of alcohols has been measured: the results are 
shown in Fig. 10.7*° 

The conductivity of solutions of potassium iodide in methanol is slightly 
decreased by adding small amounts of iodine and increased by the addition of 
larger amounts. The results are shown in Table LXXXIV. Increase in con- 
ductivity cannot be due to increased ionic mobility, for iodine increases the 
viscosity of these solutions; an explanation is given in terms of the dissocia- 
tion of associated complexes in the solution.**® 

In acetone solutions, addition of iodine produces an increase in conducti- 
vity at all temperatures considered, as shown in Fig. 11.'®° 
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TABLE LXXXIV.- SPECIFIC CONDUCTIVITY OF SOLUTIONS OF 
POTASSIUM IODIDE IN METHANOL CONTAINING ADDED JODINE 


5-071 Wt.-% KI soln. 


Wt.-% iodine | 


t 


lo’K 
(ohms! cm!) 


1, 
6 
5 
10 \4 pe! 30 38 
Sie) pets 


Fic. ll. THE EFFECT OF ADDED IODINE ON THE CONDUCTIVITY OF 
POTASSIUM IODIDE (1-602%) IN ACETONE AT TEMPERATURES 
BETWEEN 10° AND 40°C. 

AEN Osis Cc. 5384% I, 
b. 16147% 1, d. 5384% 1, - after 12 hours standing 


Chemical Properties 


The influence of water vapour on the reaction between potassium iodide 
and chlorine has been studied.*°° For appreciable reaction to occur, a mini- 
mum partial pressure of water vapour approximating to the vapour pressure of 
the saturated solution at the temperature of reaction must be attained. 

Potassium iodide reacts with hydrogen peroxide in acid solution to give 
iodine; a spectrographic study of the reaction supports the mechanism: 21° + 
H,0O, + 2H+ — I, + 2H,O at higher reactant concentrations.*®* In alkaline 
solution the interaction of potassium iodide with hydrogen peroxide first pro- 
duces the hypoiodite, KIO, which is subsequently reduced by the peroxide. 
The oxidation of potassium iodide to potassium iodate in alkaline solution re- 
quires a stronger oxidizing agent such as ozone.*”* This catalytic decomposition 
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of hydrogen peroxide by potassium iodide in alkaline solution may be advanta- 
geously applied tn the iodometric determination of chromium; after oxidation 
to chromate, the alkaline solution is boiled with lg. of potassium iodide to de- 
compose excess peroxide.’” 

The rate of decomposition of hydrogen peroxide by potassium iodide has 
been measured in various solvents.*** The following are results in water at 
Pas el 

Catalyst (KI) concn.  0-OI1N. 0-O02N. 0-04N. 
ko50, sec. 001347 0202691 005428 


The ratio (rate at t + 10°)Arate at t°) = 2-114, and the activation energy is 
13+64 kg.-cal./mole. At unit catalyst concentration, ko5{mean) = 1+350 
sec. The reaction in water, methanol and probably in glycol, involves a 
triple collision; e.g. H,O, + H,0 + I in water. On this assumption the’ rate 
equation of Jowett’ gives good agreement between calculated and observed 
rates. In absolute ethanol, the solvent does not appear to participate in the 
rate-determining step; the bimolecular collision (I” + H,O,) and the activation 
energy, 15°53 kg.-cal./mole, account satisfactorily for the observed rate. 

The oxidation of potassium iodide solution by hydrogen peroxide in the 
presence of ferrous salts has been investigated; the formation of a peroxide 
of iron in these solutions is postulated. Ferric hydroxide may replace 
ferrous salts in this oxidation; its activity is associated with the active OH 
groups present.*”” 

The oxidation of potassium iodide solution by oxy gen, in an electric glow 
discharge, has been studied; the activation energy is very small, less than 1 
kg.-cal./mole.**® Passage a oxygen and simultaneous iediation with light 
of short wave-length (down to 253mp) gave about 5% liberation of iodine. rh 

Oxidation of potassium iodide solution by ozone is increased by eater 
of the gas (originally 2~7mg.O 3/litre) with air.7°° The overall equation, 2I7 
O,+ H,O — O,+1,+ 20H” Bie the reaction in a buffered solution at pH 7 is 
Hie Sanit of two simbitancous reactions, one forming iodate, I” + 30, — IO, 
+ 30,, the other forming iodine. odate formation decreases as the ozone 
concentration falls,7°"7°° 

A photoelectric colorimeter has been described, and used to follow the 
oxidation of potassium iodide by hydrogen peroxide in presence of ferrous 
ions. The concentration of potassium iodide was 0+015 mole/litre,?°* and 
graphs are given showing the variation in reaction rate with:- 

(1) variation of catalyst concentration from 2 x 10°° to 10°* mole/litre, in 
dilute sulphuric acid and in neutral solution. 

(2) variation of hydrogen peroxide concentration from 28 x 10° to 28 x 
10°* mole/litre at a fixed ferrous sulphate concentration of 4 x 10°* mole/litre 
in dilute sulphuric acid. 

The oxidation of potassium iodide solutions by complex cobaltammines 
shows maximum reaction at pH 6, and is essentially catalytic.” 

The reaction between potassium iodide and sulphur trioxide proceeds ac- 
cording to the equation:- 


IRL a ASO ak Stee cOne 


X-Ray analysis shows no trace of K,S,O, though this is formed in the analo- 
gous oxidation of potassium fluoride or chloride.” In the reaction of potas- 
sium iodide and potassium peroxydisulphate, K,S,O,, sodium salts added alone 
show only a kinetic oat effect but in the presence of cupric ions they act as 
catalyst promoters.” 

In the absence of a catalyst, the reaction of potassium iodide and petsul: 
phates is between molecules rather than ions: the effectiveness of some 
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organic catalysts at concentrations of 10°? mole/l. is shown in Table LXXXV.?" 


TABLE LXXXV. - CATALYSIS OF THE POTASSIUM IODIDE- PERSULPH ATE 
REACTION BY ORGANIC AMINES 


KI = 0+1 mole/1. 
Catalyst % Acceleration | 


a 


NH,.NH, 13e5 
NH,(CH,),NH, 15 
NH,(CH,);NH, 226 
NH,€ ) NH, 102 
NH, <_) N(CH;), 182 
Aniline hydrochloride 14 
Dimethylaniline 13 
Diphenyl amine 8 
Aminoazobenzene 11 
p- Aminophenol 13 
Ben zidine 2 


These reactions are ionic; two amino groups separated by an optimum dis- 
tance show the greatest catalytic activity. 

The reaction between potassium iodide and potassium perdisulphate is bi- 
molecular in light of wave-length 4725A. to 7304A., and the quantum yield is 
high. At these wave-lengths the temperature coefficient is about 16, over 
the range 20° to 30°.7°° The quantum efficiency of this and similar reactions 
usually increases with rise in temperature.**° 

Comprehensive experimental data have been recorded for the reaction of 
potassium iodide and potassium perdisulphate in sunlight and in light from a 
1000-watt lamp. The reaction velocity is proportional to the square root of 
the incident light intensity:**? zinc oxide sensitized the reaction.*** The 
quantum efficiency for this reaction at various wave-lengths is found to be 
low.”** The interaction of 0*2M. potassium iodide solution and 0+1M. ammo- 
nium perdisulphate is bimolecular and affords a convenient study of the effect 
of concentration upon reaction rate.*** 

The formation of potassium iodate, by melting potassium iodide with 
potassium bromate, chlorate or perchlorate, has been studied. The results 
are summarized below:-** 


ratio KI:KBrO,= 2:1 yield KIO, = 81+3% theory 
is] yield KIO, = 694% 
KI:KCIO, = 2:1. yield KIO, = 62.0% 
1:1 yield KIO, = 41:7% 
KEK CIO, = 2:1. _ yield. K1O,= 7.1.97 
4 


3. -yield KIO, = 575% 


The reaction 2KBrO, + 1, = 2KIO, + Br,, which takes place without a cata- 
lyst, is followed in the presence of potassium iodide by the further stage, 2KI 
+ Br, = 2KBr+1,. With potassium chlorate reaction is less complete.**® 

The following mechanism is proposed for the thermal decomposition of 
potassium iodide in the presence of sodium metaphosphate:- 


2KI+Na,P,0;+ 40, — Na,K,P,0, + 1, 
2KI + Na,K,P,0, + 40, > 2NaK,PO, + I, 
2NaK,PO, + Na,P,0, > 2Na,K,P,0, 
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The rate of reaction in the temperature range 200°-900° depends upon the sur- 
face area:volume ratio and on the material of the reaction vessel.” 

The kinetics of the interaction of potassium iodide and ferric ions have 
been studied; the overall reaction is:- 


FeCl, + KI — FeCl, + KCI + I, 


and there is no photochemical reaction in the absence of free iodine.” Con- 
ductivity measurements demonstrate the presence of the ions FeCl,*, FeICl’, 
Fel,*, FeCl** and Fel** and a rate equation is proposed. ig 

athe oxidation of arsenious acid by ferric chloride is catalyzed by potas- 
sium iodide; the iodide ion is first oxidized by Fe*** to iodine, which then 
oxidizes the Acide, 

The equilibrium: 2F e(CN ),*” +30 = 2F e(CN),* + I; has been studied 
for the potassium salts in aqueous solution and in potassium chloride solu- 
tion.”* Allowing for salt effects, Keg, = 10°, and is unaltered by reducing 
the pH to 3:5. 

The reaction between potassium iodide and potassium dichromate, 2K Cr0, 
+ 2KI — 3K,CrO, + CrO, + 21, is first-order between equimolar weiphts of the 


reactants.77? In ie soliton! the reaction is:- 


3H,Cr,0, + 4K0 > 2K,Cru0, + 2C10;/43H,0 41 


The velocity of the reaction is at every instant proportional to the pH;??* this 
is also true in ‘neutral’ dichromate, owing to the hydrolysis, 2K,Cr,0, + H,O 
=) 2K Cr One er Ox 

The reduction of potassium dichromate by iodide ions has been studied 
potentiometrically; with potassium iodide the formation of iodine monochloride, 
ICl, was detected, and this re-forms chloride ionsonfurther addition of potas- 
sium iodide.” 

The action of nitrous acid on aqueous potassium iodide solutions may be 
represented:*** 2HNO, + KI -> KNO, + NO + %4I, + H,O. The reaction bet- 
ween sodium nitrite and potassium iodide in aqueous acetic acid is unimolecu- 
lar with respect to each reactant and the velocity is proportional to the 
hydrogen ion concentration; alxali metal chlorides, nitrates and sulphates 
accelerate the reaction.*”° 

The reactions of potassium iodide with dinitrogen tetroxide have been 
studied.”*”*”° The basic reactions are:- 


(1) N,O,+ 2KI > 2KNO, +I, 

(2) N,0,+H,O — HNO, + HNO, 
(3) KI+ HNO, — NO+ KOH + “I, 
(4) HNO, + KOH ~ KNO, + H,O 


Nitric oxide reacts to some extent with dinitrogen tetroxide forming N,0; when 
absorption is rapid; when it is slow reaction (2) predominates. If N,O, is 
formed it reacts with water to form nitrous acid, and nitric oxide is re-formed 
according to reaction (5):- 


(5) 4HNO, + 2KI — 2KNO, + 2NO +L, + 2H,0. 


Thus nitrite is formed in reactions (1) and (5), the former becoming less impor- 
tant with increasing dilution. In alkaline solution nitric oxide is evolved 
from this system, and this affects the quantitative determination of dinitrogen 
tetroxide by means of potassium iodide. 

A spectrophotometric investigation of the interaction of potassium iodide 
and osmium tetroxide has shown that for concentrations of potassium iodide 
less than 2% by weight, the mixture is yellow in colour and its aqueous solu- 
tion is stable. It is suggested that a complex, K(OsO,I.H,O), is formed. 
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When the concentration is greater than 2%, the I, ion is present.’ 

In 2N. hydrochloric acid solution potassium iodide reacts Leone 
with sulphur monochloride (S,Cl,) with the liberation of iodine. Trichloromethyl- 
sulphenyl chloride, Cl, Esch: peace similarly, the number of chlorine atoms 
taking part varying from. 2*4 to 3-1, as shown by titrating the liberated iodine 
with thiosulphate.*** 

Potassium iodide is oxidized by hydrogen peroxide and methyl, ethyl and 
tert.-butyl hydroperoxide. The reactions are first-order with regard to per- 
oxide at constant iodide concentration; for the ethyl hydroperoxide reaction, 
the activation energy is 12+7 kg.-cal. /mole.??? 

The reaction between potassium iodide and bismuth tri-iodide in acetone 
has been investigated colorimetrically. It is concluded that a complex salt, 
KI,BI,, is formed, with dissociation constant K,, = 2x 10°. Similar results 
were obtained in methanol, ethanol and benzonitrile as solvents.?** 

On gelatin and agar, the periodic reaction:- 


Pb(NO,), + 2KI — PbI, + 2KNO,, 


has been studied. The product of diffusion velocity and distance between 
rings was found to be approximately constant.?**** 

The chromates of silver and of monovalent mercury and thallium react with 
potassium iodide to form the insoluble iodides; mercuric chromate and bis- 
muth chromate react further to form double iodides. Barium and lead chromates 
do not react with potassium iodide.?*® 

The reaction between organic halides and potassium iodide in acetone may 
be followed conductimetrically where the potassium halide is insoluble in that 
solvent.”*”? Some rate constants determined at 20° by this method are com- 
pared with those established volumetrically;7** thus, reactions of substituted 
benzyl chlorides in acetone with potassium iodide at 20° have the following 
rate constants:- 


Substituent ko9AXvolumetric) kogXconductimetric) 


p-chloro- 2-80 2-89 
O-nitro- 11-4 Wet 


A study of the inhibitive effect of potassium iodide on the rate of solution 
of carbon steel in nitric acid has shown that the cathodic process is affected.” 

The corrosion of lead by solutions of potassium iodide has been studied: 
at 20° corrosion is very slow for concentrations of potassium iodide up to 
Q-1N., but rapid in 2N. solutions. At the higher concentrations, the film of 

e . ° (@} ° ° 

corrosion products is found to contain KPblI,, At 20°, the relative corrosive 
effects of some potassium salts were in the order:-*° 


<0°05N. soln., KNO, > KCl > KBr = K,SO, > KI 
>0-05N. soln., ace = KNO, ale KBr = K, SO 


The role of potassium iodide in the colour reaction between iodine and 
starch has been investigated. From a 0*5% starch suspension, a blue-black 
precipitate was obtained with excess iodine in 0e1N. potassium iodide; this 
had the composition (((C,H,,O;)41), ;KI)n74*""*? (see also Mellor,Suppl. 2,Pt. 1,842). 

Oxidation of aqueous solutions of potassium iodide by a-particles aad X- 
rays has been studied;*** the extent of the oxidation by X-rays increases with 
temperature and decreases with increasing wave-length of the radiation.” 
For decomposition by slow electrons, there appears to be a correlation bet- 
ween the heat of formation and the decomposition threshold voltage with potas- 
sium chloride but not with potassium iodide; the lack of correlation is more 
marked for salts of divalent cations, such as barium chloride, and the corres- 
pondence mentioned above is considered to be fortuitous.”** 
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The equilibrium distribution of sodium and potassium from their amalgams 
and solutions of sodium and potassium iodides has been studied.*° Defining 


eect it was found that?- 
a/tig 


(i) at fixed total salt concentration, K decreases with increasing amalgam 
concentration; 

(ii) at fixed amalgam and total salt concentrations, K remains constant in 
spite of variations in the salt ratio; 

(iii) at fixed amalgam concentration, K decreases with increasing concen- 
tration of the mixed salt solution. 

The equilibrium between sodium and fused potassium iodide has been in- 
vestigated at a temperature of 800°C. The value for the equilibrium constant, 

[Na][KI] . 
RIVERA S co als: 00, 
[k][Nal] 

Sixty reciprocal pairs of alkali halides were examined by fusing at a suit- 
able temperature, quenching the resultant mixture and examining it by X-ray 
analysis.*** In almost every case it was found that the heavy cation was 
linked to the heavy anion and vice versa. The two binary salts so formed are 
referred to as the ‘stable pair’. A reaction has been observed at a tempera- 
ture as low as 100°C. below the fusion temperature after heating for 36 hours. 
On heating the stable pairs (in which lithium was not included) to a tempera- 
ture 100° below fusion point, it was shown that no reversion to the reciprocal 
pair occurred. On the other hand, heating the reciprocal pairs always brought 
about at least partial conversion to the stable pairs. Of pairs which included 
lithium halides, some of the stable pairs underwent partial reversion. to the 
reciprocal pairs at certain temperatures. For example, the stable pair lithium 
chloride-sodium iodide is partially converted at 400°, but no conversion occurs 
at this temperature for the stable pair lithium chloride-potassium iodide. 
Caesium chloride and potassium bromide reach an equilibrium under all condi- 
tions. When lithium and fluoride were included in the system, lithium fluoride 
was always found in the stable pair. Very little reaction occurred at tempera- 
tures 200° below fusion point. 

A method for the estimation of equilibrium constants in reciprocal salt 
pair systems which has been proposea, is based on the fact that the tempera- 
ture change on mixing the components of the system is a minimum when the 
components are taken in their equilibrium concentrations and a maximum for a 
mixture of the reactants alone.” Some of the results obtained are shown in 
Table LXXXVI. | 


the equilibrium constant as K = 


247 


TABLE LXXXVI.- THE EQUILIBRIUM CONSTANTS FOR 
SOME RECIPROCAL PAIRS OF ALK ALI HALIDES 


Equilibrium constant 


KI-—NacCl UL 
K]-NaBr Gitat 
769 


KBr-NaCl 


From an extensive survey of binary systems the following rule has been 
deduced: if components A and B have a liquidus which is approximately linear 
with respect to composition in mol.-%, then the liquidus for systems A~C and 
B-C, where C is athird component, will also be linear. This is demonstrated 
for the systems KI-K,SO, and K Br-K,SO,.7*° 

Potassium iodide undergoes homeomorphic transformation from the a to the 
B phase at 11°C.75* 
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The system potassium iodide-ammonium iodide has been studied by ther- 
mal analysis in the temperature range -100° to 20°C.; the well-known NH,I 
transition at -42° persists in this system up to 55 mol.-% KI. The first-order 
transition of pure ammonium iodide at -7° appears also in a solid solution with 
potassium iodide, but between -10° and -13° up to 4 mol.-% KI.?°? 

The binary system potassium iodide-lead iodide has been investigated; 
the phase diagram is shown in Fig. 12. Binary eutectics are observed at 321° 


686° 
412° at | 
346° 
321° 
PbI KI 


FIG. 12. THE BINARY SYSTEM KI-PbI, 


(31 mol.-% KI) and at 346°(52-5 mol.-% KI). The maximum at 349° and 50 mol.-% 
KI is the congruent melting-point of the compound KPbI,.”°* 

A study of the vapour pressure of solutions of potassium iodide in liquid 
sulphur dioxide shows the compound KI,2SO, to be present at 0° to -10°.7°%755 
Electrolysis of the above solution probably first leads to liberation of potas- 
sium at the cathode, which reacts with sulphur dioxide to form successively 
the hyposulphite, thiosulphate and pyrosulphite.*° No free sulphur is formed 
over the temperature range -18° to -21°. 

Solubility, viscosity and specific gravity studies on the ternary system 
potassium iodide-potassium bromide-water, at 0°, 15°, 35° and 50° show two 
fields of limited solid solution, meeting at a point where the viscosity and 
specific gravity isotherms also break sharply. In Table LXXXVII are listed 


TABLE LXXXVII. - DATA FOR THE SYSTEM POTASSIUM BROMIDE- 
POTASSIUM IODIDE-WATER, AT THE POINT OF INTERSECTION 
OF THE SOLID SOLUTIONS 


the specific gravity, viscosity and composition at this point of intersection, 
for the experimental temperatures.””’ 
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The system potassium iodide-sodium iodide-water shows no compound 
formation at 8°, 25° and 40°. A hydrate of sodium iodide, NalI,2H,O, is formed, 
but the potassium salt remains anhydrous.” 

In the ternary system potassium fluoride-potassium iodide-water the solid 
phase separating from saturated solution over the complete range of composi- 
tion is a solid solution of variable composition. The method used was to 
measure the change in electrical conductivity upon adding a third component to 
a solution of the other two; this, however, yields no information as to the 
composition of the solid phase. Some saturated solution compositions are 
listed in Table LXXXVIII.”°? 


TABLE LXXXVIII. - COMPOSITION OF SATURATED SOLUTIONS IN THE 
SYSTEM POTASSIUM FLUORIDE-POTASSIUM IODIDE-WATER AT 25°C 


An example of the change in slope of the conductivity-concentration curve, at 
the point of separation of a solid phase, 1s illustrated in Table LX XXIX. 


TABLE LXXXIX. - SPECIFIC CONDUCTIVITY OF MIXTURES IN THE 
SYSTEM POTASSIUM FLUORIDE-POTASSIUM IODIDE-WATER AT 25°C. 


Composition, mole % 


* Point of separation of solid phase 


The following solid phases have been isolated from the system potassium 
iodide-cadmium iodide-water: 
CdI,,2KI,2H,O; recrystallized from water between 76° and 81.4°. 
Cdl, 2s 3H, O; crystallizes below -15-3°. 
Cdl, 22K I: YH O; crystallizes above 76. 3°, 
Cdl, ,KI; was obtained by fusion and does not crystallize as such. 
2Cdi, ,3KI, 4H,O; crystallizes between 10.4° and ~27- 7°, but is decomposed by 
solutions outside a restricted camposition range.” 

The system potassium iodide-potassium sulphate-water at 25° shows no 
hydrates, eutectic points or double salts." 

The boiling point elevations of solutions of potassium iodide containing 
various proportions of added arsenious oxide are normal; any compounds 
formed must decompose below the boiling point.7®? 
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The reciprocal system potassium iodide-sodium iodide-potassium carbo- 
nate-sodium carbonate is illustrated in Fig. Thee rhe binary iodide system 
NalI/KI forms a continuous series of solid solutions with a minimum at 574° 
and approximately 50% KI. The binary system KI/K,CO, forms a eutectic at 
612° and 60% KI. 


660° 860° 


K,1, 
678° 896° 


FIG 13. THE QUATERNARY SYSTEM KI-Nal-K,CO,-Na,CO, 


The binary eutectics in the system sodium iodide-potassium bromide are 
as follows:- 


NaBr-KBr, 635°, 48% KBr 
KBE KI 662% 970 KBr 
Nal-KI, 580°, 58% Nal 
NaBr-Nal, 650°, 72% Nal7°* 


This system is illustrated in Fig. 14. 

The melting-point composition diagram for the ternary system potassium 
chloride-potassium bromide=potassium iodide is shown in Fig. 15; the binary 
eutectics are: 


KBr-KCl, 734°, 71% KBr 
KBr-KI, 664°, 29% KBr 
KCI-KI, 588° 47% KCI 


The reversible reciprocal system of sodium and potassium iodides and 
nitrates is shown in Fig. 16;*° the following are the singularities of this dia- 
gram:- 


223°; minimum for the binary nitrate system Na/K NO,, at 50% NaNO, 
580°; minimum for the binary iodide system Na/K I, at 40% KI 

296°: eutectic for the system NaI/NaNO,, at 87% NaNO, 

358°; point of inflexion of the system KI/KNO,, at 7% KI 


There is no evidence of compound formation in this system; the ternary 
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Nal 585° KI 
670° 683° 


FIG. 14, THE QUATERNARY SYSTEM KI-Nal-KBr-NaBr 


740° 
KBr 


KCl 925) 675 588 680 KI 
715° 683° 


FIG. 15, THE TERNARY SYSTEM KI-KCI-KBr 


eutectic at 222° has the composition 51*5% NaNO,, 42% KNO,, 6°2% KI. 
In the reciprocal system potassium chloride-sodium iodide, the singular 
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670° 683° 


FIG. 16. THE QUATERNARY SYSTEM KI-~Nal-KNO,-NaNO, 


points are:-767 


586°, minimum for the binary NaI/KI system, at 42% KI 
598%, eutectic for the binary KI/KCl system, at 55% KI 
514°, eutectic for the binary KI/NaCl system, at 56°5% KI 


The singular mutual irreversible system potassium iodide-thallium nitrate 
shows the following singularities: - 


20 3°, eutectic, of composition 95% TINO, 
440°, a congruently-melting compound at 50% KI 
432°, eutectic at 43°5% TINO,”* 


| The irreversible reciprocal system potassium iodide-silver bromide has 

been studied.*° The binary pairs AgBr-AgI and KBr-KI form continuous 
series of solid solutions; this is surprising in the case of the first pair, be- 
cause of the reluctance of silver bromide to adopt the four-co-ordinated structure 
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of silver iodide. Singularities within this system are as follows:-- 


AgBr-K Br eutectic 285° 68 mol.-% AgBr 
Aol-K] eutectic 243° 695 mol.-% Agl 
8 unstable compound KI, 4AgI decomposing 

at. 207° 

Ag8r-KI eutectic 264° 80+3 mol.-% AgBr 
AgI-KBr eutectic 361° +84 mol.-% Agl 

76°4 mol.-% AgBr 
Ag Br-50:50K Br, KI eutectic 273 Siig mol.-% KBr 


11°8 mol.-% KI 
81°4 mol.-% Agl 
AgI-50:50KBr,KI eutectic 336° 4 9.3 molic% KBr 
\ 9-3 mol.-% KI 
21:2 mol.-% AgBr 
KI-70 AgI, 30AgBr eutectic 360° {68-6 mol.-% AgI 
‘16+2 mol.-% KI 
15*4 mol.-% KI 
KI-50:50AgI,AgBr eutectic 334° 42:3 mol.-% AglI 
42°3 mol.-% AgBr 
24°5 mol.-% KI 
KI-GAgBr,94AgI eutectic 283° 471 mol.-% Agi 
~ 4°5 mol.-% AgBr 
21°5 mol.-% KI 
transition point 285° 173:8 mol.-% Agl 
4:7 mol.-% AgBr 
| 20°4 mol.-% KI 
KI-7°5AgBr,92+5AgI eutectic 300° 473°6 mol.-% Agl 
G mol.-% AgBr 
21°3 mol.-% KI ~ 
transition point 298° 17204 mol.-% AgI 
5*9 mol.-% AgBr 
17°8 mol.-% KI 
KI-87+5AgBr,12-5AgI eutectic 253° 4719 mol.-% AgBr 
10°3 mol.-% Agl 
16:9 mol.-% KI 
KI-74AgBr, 26AgI eutectic 253° 461°5 mol.-% AgBr 
21°6 mol.-% Agl 


The triple transition for simultaneous crystallization of (solid solution of 
AgI-AgBr), (solid solution of KI-K8r), and the compound KI,4AglI is at 3175 
and corresponds to the overall composition 20°5 mol.-% KI, 7°1 mol.-% AgBr 
and 72°4 mol.-% Agl. 

In the irreversible reciprocal system potassium iodide-silver chloride”? a 


triple point is observed at 232°, and the composition 43% AgCl, 4% KCl and 


53% Agl. A similar point occurs for the components KCl (1%) KI (29°5%) Agl 
(69°5%) at 240°; in this sub-system a transition point for the compound AglI, 4KI 
occurs at 248°. The binary system AgI-KCl forms a eutectic at 466° with 7:5 
mol.-% KCl. The binary pair AgCl-KI shows two eutectics, at 285° (17°9% 
Agl) and 528° (78°6% Agl), and a compound, AgCl,KI, melting congruently at 
625°. 

The system potassium iodide-thallous chloride is irreversible in the direc- 
tion TIC] + KI — KCl + TI; Fig. 17 illustrates this system. The two triple 
eutectic points are at 420° (89°5% TII, 8% KCl, 265% KI), and 316° (52% TIC, 
46°5% TII, 15% KCl).77° 

The compounds AgI,6KI and AglI,2KI have been obtained, at -4° and -60° 
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710° 683° 


FIG. 17. THE QUATERNARY SYSTEM TICI-TII-KCI-KI 


respectively, by rapid cooling of ethanol solutions of the components.7”* 

The relative solubility of iodine in an organic solvent and in concentrated 
potassium iodide solution, upon partition, varies with concentration; the re- 
sults may be expressed by:- 


log C, =log a + 1/n.log C,,. 


The curves are parallel for different solvents.7”* The distribution ratio, 


Icq Jkt at temperatures between 5° and 30°, has been observed to increase 
with ‘4 increasing dilution of iodine or potassium ‘iodide. = 

The properties of the alkali metal polyhalides have been summarized. 
Their stability is directly proportional to the atomic volume of the metal; thus 
sodium tri-iodide was thought to be non-existent because the attraction of two 
iodine atoms in the lattice far outweighs the ability of the sodium to hold 
three iodine atoms in spatial distribution.””* It has, however, since been re- 
ported, that sodium tri-iodide results from the interaction of sulphamic acid, 
HSO,NH,, and sodium iodide; potassium iodide reacts s similarly.’ 

The equilibrium constant for the reaction I~ +I, = I, has been determined 
from E.M.F. determinations in iodine eoticentratton, cell s.2”° The value of K = 
I x I,/1,7 is 0°00140 at 255 and 0°00072 at 0°: K decreases as the iodine 
concentration increases, indicating the formation of higher polyiodides. From 
solubility data it is concluded that the KI:I, ratio increases as the iodide con- 
centration increases.””’ The study of cooling curves for the iodine-potassium 
iodide system affords no evidence for the existence of a solid polyiodide above 
25°." X-Ray measurement of the crystals obtained from aqueous iodine- 
potassium iodide solutions confirms this conclusion.” Phase rule studies 
show that potassium tri-iodide exists as the hydrate, KI,,H,O, at 25°.%° 
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In aqueous alcohol, the complex salts KI,, KI, and KI, are indicated by 
viscosity measurements.** At 15° in aqueous alcohol the polyiodides KI, 
(hydrated) and K,I, (with 2 (or 3) H,O) are indicated.** A spectroscopic in- 
vestigation gives the value 3 x 107 for the equilibrium constant of KI, forma- 
tion in alcohol at 14°.%* Computed apparent and partial molal volumes indicate 
the existence of potassium tri-iodide in methanol solutions.”** 

The solubility study of mixtures of potassium iodide and iodine with orga- 
nic solvents gave no evidence for the existence of a solid polyiodide between 
07° and 25°; with benzene as solvent, a ternary addition product, KI, 41,, 3C,H, 
exists.~ 

The Faraday effect for aqueous solutions of iodine in potassium iodide 
shows a larger specific rotation than the sum of the specific rotations of potas- 
sium iodide and iodine, from which it is inferred that KI, is present.”*° 

From measurements of the spectroscopic absorption limit, the equilibrium 
constants of the polyhalides, KI, and KCII,, have been determined at 5° and 
16°C. For the formation of the complexes the constants are as follows:-”” 


KI, KaCiGe. 8:2 106 
KASD. ee 

KCI, K(16) 3:6 
Kao) 25 


In 95% ethanol K (14% for KI, = 2°7 x 10%. A later spectrographic method 
gave the value of K (24%, in aqueous solution, as 5°6 x 10°, and it was sug- 
gested that the method of ref. 287 was inadequate for quantitative calculation 
as it dealt only with the absorption limit. ** 

From solubility and density measurements at 25°C. the molar volume of 
iodine in saturated potassium iodide was found to be 59°96; that of todine in 
solid caesium tri-iodide, CsI,, has the closely related value of 57°3. The in- 
crease of the ratio I,/KI with increasing concentration of potassium iodide was 
explained by considering the equilibrium:- 


I"(mH,O) + 1, = 1,7(m-nH,0) + nH,O 


Thus decreasing the activity of the water should result in an increase in the 
solubility of iodine. Sucrose effected an increase in the concentration of 
iodine, up to 2°66N., in saturated potassium iodide.** 

The polyhalide potassium tetrachloroiodide, KICI,, dissociates in two 
stages. At 14°C. there is direct decomposition into potassium chloride and 
iodine trichloride; this is followed by a further dissociation of the trichloride 
into iodine monochloride and chlorine.: The polyhalides MICI, increase in 
stability as the radius of the cation M* increases; this is in accordance with 
the thermodynamical calculations of their heats of formation and suggests an 
error in the lattice energies as calculated by the Kapustinskii formula which 
places them in the reverse order.”° 

The compounds KICI,, KIBr, and KIBrCl have been investigated. The 
equilibrium concentrations of halogen and halogen halide were determined by 
the method of Abegg and Hamburger”’* and it was deduced that the stability of 
the anionic complex increased with increasing radius of the alkali metal cation 
in each case studied.”9? 


Ultrasonic studies 


The liberation of iodine from aqueous potassium iodide solutions by ultra- 
sonic irradiation varies directly with the duration of irradiation and with in- 
crease in the electrical energy.”* The amount of iodine liberated in a given 
time is proportional to the ultrasonic field strength;”* it was considered at 
first to be inversely proportional to the concentration of the potassium iodide, 
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but this has subsequently been disproved.**® With stationary waves oxidation 
occurs at the nodes.””° 

The effect of concentration of potassium iodide upon the amount of iodine 
liberated in 30 minutes, at a frequency of 600 kc/s and an intensity of 5 watts 
per sq.'cm., has been studied.””’ The amount of iodine increased with con- 
centration, up to 3°5N., and then remained constant. The presence of 0°2% of 
tryptophan inhibited the oxidation as did also saturating the solution with 
hydrogen. 

The effects of focussing barium titanate transducers and flat quartz trans- 
ducers on the liberation of iodine from potassium iodide solution and on the 
depolymerization of poly-styrene in toluene solution have been compared. ”® 

When 5% potassium iodide solution acidified with dilute. sulphuric acid is ex- 
posed for 10 minutes to ultrasonic waves the amount of iodine liberated varies 
with the frequency, rising to a maximum at 300 kc/'s, then diminishing, and 
remaining constant between 400 and 1000 kc/s.”%*°° Below 20 kc/s, and 
above 3 Mc/s, oxidation did not occur.”* Within the frequency range 470 kc/s 
to 12:87 Mc/s no dispersion of ultrasonic waves was observed in aqueous 
solutions of sodium chloride, potassium chloride, potassium bromide, potas- 
sium iodide and magnesium sulphate, over the temperature range 15° to 55°C. 
The temperature dependence of wave velocity in these solutions has been 
studied. *°* 

The ultrasonic viscosity 7 and surface tension i have been measured at 
31°C.; the results are given in Table XC.*°? 


T ABLE XC. - ULTRASONIC VISCOSITY AND SURFACE TENSION 
OF AQUEOUS SOLUTIONS OF POTASSIUMIODIDE AT 31°C. 


[wotwiy [Density [ w [ot [oy] 2 
Oel 8° 23 


The relationships 7 = 2 x 107b, where b is the adiabatic compressibility, and 
X= 12 x 10°°p.v4 where p is the density, and v is the ultrasonic velocity in 
metres per second, have been established. 

Reaction proceeds through radicals released by the decomposition of 
water””°°> and organic compounds may compete for these radicals. For 
example 0°35 mole of ethanol per litre of 0°6N. potassium iodide solution re- 
duced the iodine liberated during a period of irradiation from 8 x 10° to 4x 
10° mole, and other alcohols, ketones and ethers behaved similarly, showing 
specific inhibitions.*°* The efficiency of the process has been calculated on 
the assumption that -OH radicals are first formed with the absorption of 118 
kg.-cal./mole.”°> The quantum efficiency in these reactions is very low.*** 

An attempt has been made to relate ultrasonic activity to cavitation within 
the solution; the dependence on temperature and on frequency support this 
explanation. Almost ten times as much energy is required to produce a given 
amount of iodine at 1*4 Mc/s as at 576 kc/s.*°* The heat generated upon ultra- 
sonic irradiation of a potassium iodide solution is always less than that gene- 
rated in water under the same conditions;*® the evolution of heat associated 
with cavitation has been measured.*”” 

The importance of dissolved gases in ultrasonic reactions has been dis- 
cussed, *°* including the effects of air and carbon dioxide.*”” 
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Acoustic waves of frequency 500 kc/s gave a more rapid liberation of 
iodine if they were modulated at low frequency (02 to 2500 c/s). In this re- 
action, and also in the depolymerization of polyacrylamide, the rate decreased 
with increasing modulation frequency. 

An ultrasonic interferometer has been used to determine the volume of 
hydration water of salts;*°° for potassium iodide, this volume is found to be 
58 c.c./mole which agrees well with the previously recorded value of 54 
cic./mole.**° 

Water is slightly oxidized to hydrogen peroxide by ultrasonic irradiation; 
nitrous and nitric acids are also formed.*** Sodium bisulphite and ferrous sul- 
phate solutions are both oxidized by atmospheric oxygen under these condi- 
tions.*°#*4?_ Glycine is deaminated, and carbon tetrachloride decomposed. *°”*** 

Analysis of the results of many investigations shows many quantitative 
disagreements which are traced to the effect of experimental details.’ The 
effect of differences in the mounting and cutting of the quartz transducers and 
of frequency variation during irradiation upon the liberation of iodine from 
potassium iodide solutions has been investigated. *** 


Analysis 


Potassium iodide for pharmaceutical use may be evaluated by treating a 
sample with sodium nitrite and dilute sulphuric acid. After frequent agitation, 
the mixture is treated with excess sodium bicarbonate solution, and the iodine 
liberated is titrated with standard arsenious oxide solution.*** The determina- 
tion of small amounts of bromide in potassium iodide is difficult; the iodine 
is best determined by titration with standard potassium iodate in acid solution 
and in the presence of cyanide ions.** 

About 0°25g. of the sample is dissolved in 50 c.c.of 5N. sulphuric acid, 
1- 2g. of sodium chloride is added, and then 10 c.c. of 3°3% potassium cyanide 
solution. Using 10 cc. of starch solution as indicator, the solution is then 
titrated with M./40 potassium iodate until colourless. The overall reaction 
ist- 

2I- + 10, + 3HCN + 3H*+ — 3ICN + 3H,O. 


This is a modification of a method due to Lang.***° 


Official potassium iodide-iodine solutions may be assayed by titration 
with standard potassium arsenite solution using starch as indicator; concen- 
trated hydrochlotic acid, and a few ml. of chloroform are added and the solution 
is cooled. Titration with standard iodate is carried out until the chloroform 
layer is colourless. The potassium iodide content is calculated from the dif- 
ference b etween the two titrations. *” 

A modified method for the determination of potassium iodide in jodinevtaee 
solutions has been described; it agrees well with established methods and 
obviates benzene extraction. **” 

The titration of potassium iodide solutions with silver nitrate (by Fajans’ 
method) has been shown to give good results in the presence of nitric acid and 
sulphuric acid when tropaeolin-OO, sodium alizarinsulphonate, bromophenol 
blue, formyl violet, or congo red was used as adsorption indicator.** 

The general requirements for a satisfactory redox primary standard have 
been considered;**® potassium iodide has been suggested for this purpose and 
its reaction with permanganate has been studied. In the presence of cyanide 
ions, the reaction is stoiche iometric within 0°1%.°” 

The accuracy of potassium iodide~mercuric chloride titrations depends 
largely upon the concentration; correction factors have been determined.*™ 

The presence of iodate in potassium iodide may be detected by shaking lg. 
of the salt in 10ml. of water with 3ml. of chloroform and five drops of glacial 
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acetic acid; a pink colour in the chloroform layer indicates the presence of 
iodate. *” 

Potassium periodate has been used in acid solutions as an oxidizing agent 
for the volumetric determination of potassium iodide. Carbon tetrachloride is 
used as indicator; it becomes decolourized at the end-point, owing to the for- 
mation of a stable complex ion.***°* Sodium metavanadate has also been 
used in hydrochloric acid solution for the volumetric determination of potas- 
sium iodide; iodine monochloride is added as catalyst and preoxidizer, and 
chloroform is used as indicator. ** 

The reaction between cuprous and cupric ions and potassium iodide has 
been studied; since it depends upon the reversible equilibrium:- 


2Cu7* +2 = 2Cu* +L, 


the potassium iodide concentration must be adjusted according to which copper 
ion is to be determined. Suitable concentrations are deduced. *” 

The reaction between hypochlorite and potassium iodide may be used for 
the determination of hypochlorites. If titration is slow it is considered to 
proceed according to the equation:-*” 


3HClO +I” — IO,7 + 3H*+ 3Cl. 


Potassium iodide solutions may be titrated potentiometrically with chlor- 
amine-B, the redox electrode being of platinum foil and the reference electrode 
a saturated calomel half-cell;** the same reagent may be used for iodometric 
titration. °” 

Bromic acid may be titrated potentiometrically with potassium iodide over 
a wide range of concentrations in sulphuric acid solution but only over a re- 
stricted range in hydrochloric acid.*” 

Potassium iodide may be titrated potentiometrically with N/10 silver 
nitrate using a silver or platinum electrode.*** Oxidation with alkaline per- 
manganate may also be followed potentiometrically, the iodide being oxidized 
to periodate.**” It has subsequently been reported, however, that direct titra- 
tion is unreliable; addition of excess permanganate and back-titration with a 
standard thallous salt solution is considered preferable. *** 

Vanadium may be determined by reducing V(V)in phosphoric acid solution 
to vanadyl(IV) by potassium iodide, and titrating the liberated iodine.** A 
method for the micro-determination of osmium depends upon the fact that os 
mium catalyzes the reaction between potassium iodide and potassium chlorate.** 
The quantity of osmium may be represented by: Q = 1°22/T + 0092, at 15% 
where 7 is the time required for transmission at 572mp to decrease from 60% to 
10%. Vanadium(IV) may be determined in a similar way.°” 

With regard to the refractometric analysis of solutions, the increments of 
refractive index are not constant;**’ in aqueous solution the increment of n per 
1% varies for potassium iodide from 0°001299 at 5°31% to 0°001295 at 20°08%. 


Uses 


The immersion of exposed photographic plates for 2 minutes, before deve- 
loping, in 4% potassium iodide has been suggested as a method of processing 
which does not require a dark-room, the unexposed silver halide being thus 
converted into silver iodide.*** This device, however, requires very much 
longer exposures, because of the destructive effect of iodide upon the latent 
image, and fixation is also very slow.** The addition of 2 to 12 mg./l. of 
colour-film developing solution increases the density in the yellow layer. 

A scintillation counter sensitive to neutrons and to yrays consists of pow- 


dered potassium iodide activated with thallium. *** 
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Venezuelan marine salts contain 95% to 99% of sodium chloride, together 
with magnesium and calcium salts. Addition of potassium iodide to these 
salts, in order to produce iodized salt, was not satisfactory, because of the 
poor stability of the potassium iodide. **? 

A mixture of 1 part of potassium iodide and 1-3 parts of mercury iodide dis- 
solved in 0°25 part water gives a liquid of density 3*3, suitable for the identi- 
fication of minerals by flotation. *** 

The effect of 1% by weight of potassium iodide on the grain growth of 
alumina has been studied at temperatures of firing between 1300° and 1700° 
and the results tabulated.*“* Potassium iodide (0°01 to 0°1%) improves the 
fining of optical high-density glass, and prevents wetting of the crucible by 
the batch of glass being treated.” 

Soaking or spraying fruit with dilute aqueous potassium iodide, and subse- 
quent treatment during storage with an oxidizing non-corrosive gas such as 
ozone, prevents deterioration; for long periods of storage, the iodide may be 
replenished periodically. *“° 

The system potassium iodide-uranyl sulphate-water constitutes a chemical 
actinometer; photolysis proceeds according to the reaction: - 


UO,SO, + 2KI +H,O +O — K,SO, + UO,(OH), +I, 


A trace of sodium chloride accelerates the reaction. **” 
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SECTION LIV 
POTASSIUM SULPHIDES 
By A. R. BURKIN 


Preparation 


Laboratory methods of preparing the various sulphides have centred 
around the use of solvents other than water and the establishment of the fact 
that the various products are true chemical compounds. 

A phase rule study (Mellor, II, 630) of the system K,S—S shows the exist- 
ence of a range of sulphides of formula K,S,. Those with n = 2, 3 or 4 
decompose slightly at their melting points; K,S, is largely decomposed at 
its m.p. while K,S (m.p. 840°C.) and K,S,; (m.p. 206°C.) are stable at these 
temperatures." The. m.p. of K,S has independently been given as 912°C. 
(see below and ref. {2).) 

By permitting potassium metal to react with an excess of sulphur under 
boiling toluene, filtering, washing and drying, all in an atmosphere of purified 
dried hydrogen, K,S, is produced.* Under similar conditions sodium gives 
Na,S,. The same method has been reported as giving mixtures corresponding 
TORRUIG os 

In water or aqueous alcoho! (Mellor, II, 638) crystallisation of solutions 
prepared by dissolving the required amount of sulphur in the K,S solution 
followed by evaporation at room temperature in vacuo over phosphorus pent- 
oxide gives crystals of the following compounds:* K,S,,3H,O (cream col- 
oured, acicular); K,S, (orange-red prisms); K,S,,3H,O (golden yellow, 
glistening tabular); K,S,,2H,O (lighter than the preceding) and K,S,,H,O 
(orange-red minutely crystalline). The relationship between the sulphur:pot- 
assium ratio and the product crystallising from gently boiling solutions of 
sulphur and K,S in absolute alcohol is as follows: 


S:K <1-63 NA eee Oa Paes Bema As pope 
Product K,S, KS3) too. K,Ss | GS Ar ar 


Orange-red, highly hygroscopic crystals of K,S, have been produced? py 
dissolving lg. of potassium metal in alcohol, saturating the solution with 
dry hydrogen sulphide, adding 1649. of sulphur and boiling the reaction 
mixture for an hour in a current of hydrogen. The action of sulphur on alco- 
holic solutions of KHS gives* only K,S; when the ratio S:KHS is 2:1 while 
with less sulphur mixtures of KHS and K,S, are obtained.: In one investi- 
gation® the X-ray diffraction patterns of a number of sulphides were obtained 
and it was shown that these are all definite compounds and that only one 
modification of K,S, was obtained. The compounds and methods of prep- 
aration were as follows. K,S,; and K,S,; were prepared by adding the calcu- 
lated amount of sulphur to a solution of K,S in absolute alcohol and precip- 
itating the insoluble product. K,S, was obtained by melting K,S, and 
sulphur in vacuo while the reaction between sulphur and potassium in liquid 
ammonia was used for K,S, and K,S,. The action of potassium on molten 
sulphur gives no compound higher than K,S,’, while sulphur and anhydrous 
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potassium carbonate was reported as giving “polysulphide" and thiosulphate 
at 250°C, and, at 600°C., "polysulphide" and sulphate. The reaction bet- 
ween sulphur and potassium hydroxide gave similar results. 

Gradual addition of sulphur to potassium amide dissolved in liquid 
ammonia at ~33° gives a yellow precipitate which dissolves on adding more 
sulphur.®° The course of the reaction is said to be: 


6KNH, + 3S — 2K,S(ppt.)+ S(NK),,NH, + 3NH, 
followed, if the reaction is carried out rapidly, by 
6KNH, + 12S — 2K.S, + SNK), + 4NH, 


The latter step gives K,S3, if the reaction takes place slowly. It had pre- 
viously been reported’ that the reaction between sulphur and a solution of 
potassium in liquid ammonia gave K,S, K,S,, K,S, and higher sulphides of 
uncertain composition. Potentiometric titration of solutions of potassium 
sulphide in ammonia with solutions of the alkali metals in ammonia shows 
that K,S, K,S, and K,S, are formed.® Analysis of K,S produced by the re- 
action between potassium and sulphur in liquid ammonia both in the absence 
and presence of hydrogen showed it to contain K,S, 95-5; K,S,0,, 2-5; 
K,SO,, 1-5; S, 0-2%, with traces of K,SO, and KNH,.? Aqueous solutions of 
K,S always contain sulphites and thiosulphates owing to oxidation by dis- © 
solved air.°»*° When attempts are made to produce sulphides of metals in 
high oxidation states, oxyacids.of sulphur may also be produced. Thus the 
reaction between PbO, and aqueous K,S solution at ordinary temperatures 
proceeds slowly, the product being probably PbS.“ An analytical procedure 
for alkali sulphides using oxidation to sulphate has been described.** The 
sample is dissolved in boiled-out water and a known amount of 0-1 N-sodium 
hydroxide and some hydrogen peroxide is added to an aliquot. After boiling 
to remove excess peroxide the unused alkali is determined. The reaction 
used is written 


S,-- + (2x - 2)OH™ + (3x + 1)H,O, > xSO,7~ + 4xH,O 


and 1 ml of 0-1 N-alkali is equivalent to 1-603mg. of polysulphide sulphur. 

A few developments in industrial methods of preparation have been re- 
ported. The waste gases from carbon disulphide production contain hydro- 
gen sulphide which is absorbed in hot concentrated alkali metal hydroxide 
solution. Free alkali is added to the final liquor to form potassium disul- 
phide which deposits on cooling the solution.'* The disulphide is also 
produced when finely powdered rocks containing potassium and aluminium 
as silicate are reduced with metallic aluminium and sulphur.** Reduction 
of the mineral langbeinite (2MgSO,,K,SO,).. with excess carbon at about 700— 
800°C. produces K,S, or with sulphur produces a mixture of sulphides and 
sulphur dioxide.** Polyhalite (K,SO,,MgSO,,2CaSO,,2H,O) reduced by natural 
gas and extracted with water gives solutions containing K,S and KHS.*° 


Physical Properties 


The degree of hydrolysis of aqueous K,S solutions has been determined 
by measuring the velocity of hydrolysis of ethyl acetate.*” The hydrolytic 
constant at 0° is 15, a 0-833N. solution of K,S being 95% hydrolysed. From 
the results the second dissociation constant of hydrogen sulphide has been 
calculated as 6 x 10.” 

The decomposition of hydrogen peroxide is strongly catalysed by col- 
loidal solutions of Cu,Fe(CN), and solutions of the alkali sulphides increase 
further the catalytic activity.** 

Carbon dioxide and hydrogen sulphide are often removed from industrial 
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gases by absorption in dilute aqueous solutions of potassium or sodium car- 
bonate. For potassium salts the following equilibrium constants are involved: 


K, = (KHCO;)*/(K,CO;)P co, 
K, = (KHCO;) (KHS) /(K,CO,)P ys 
Ku (KHCO3)P 1) ¢/ (KHS)P co,. 


Values of all three constants have been determined’? over the concentration 
range 0-2 to 2N.and from 0 to 60°C., the calculated heats of reaction agreeing 
well with the published heats of formation. The value of K, is nearly inde- 
pendent of cation concentration. 


erin @ e.0:007 10.008 -20 30 40 50m.,|. 60-4 
RS OevO n0=4405282. 0-182) 0-132 0.093" 0.072 


The value of K, is independent of the concentration of KHS over the concentr- 
ation range 0-05 to 0-4 gram moles per litre and the values corrected to a pot- 
assium ion concentration of 2N. are 


Temp. °C..~ 0-5 ae 20-7 29-5 39-5 49.6 59-6 
‘es 0-147 0-120 0-098 0-086 0-073 0-0635 0-057 


Extrapolation to zero concentration gives K, at 25°C. = 0-15. Independent 
measurements” give at 25°C. K, = 0-074mol/I.mm. The relationship between 
the vapour pressure of hydrogen sulphide P and the concentration of hydrogen 
sulphide in 2N-potassium carbonate, c, at equilibrium between 25° and 60°C. 
is given by the equation P = 0°714(t + 43) c?®*. The relation between K, 
and temperature is expressed as log K, = (2800/4-576 T) - 3-2. 

The stereochemistry of the potassium sulphides is said** to be best ex- 
plained on the basis that two types of sulphur atoms are involved, the end 
members of the polysulphide chain, with a partial molar volume of about 20 
c.c. and those within the chain with partial molar volume about 12 c.c. 

K,S has the cubic calcium fluoride structure with a = 7-35 A?* or 7-391 A.” 
It is not dimorphous in the range 25° to 200°C. 

KSH exists in two forms” with a transition temperature of about 170°C. 
The low temperature form has a rhombohedral unit cell ‘with a = 4-37 A. and 
a= 68°51% The high temperature, cubic form has the sodium chloride struc- 
ture with a = 6-60A. The SH group in this modification has spherical sym- 
metry with radius 1-99 A, 

An investigation of the system K,S-K,SO,’? shows two eutectics, one at 
587°C. with 56% K,S and the other at 730°C. with 72-5% K,S. A compound 
K,SO,, 3K,S exists, with melting point between 755°and 759°C. Mixed crystals 
are formed with upto 30%K,S. The freezing point of K,S is given as 912°C., 
which is believed to be not more than 10° too low. 

The densities of a number of potassium sulphides are as follows,* mean 
values being given: K,S,, @2) = 2-02; K,Ss, dj, = 2-128; K,S,, after heating 
at-about 150 ©...a,, = 1-93. atter melting, d,, = 2:04; K,S,, d., = 2-102; K,S., 
after heating in vacuo at about 140°C., d,, = 1-79, after melting, d,, = 1-973. 

The magnetic properties of the potassium sulphides have been studied at 
room temperature and at -183°C.** At low temperatures K,S, behaves in "an 
unusual manner" and appears to be ferromagnetic below -50°C. A series of 
solid solutions comprising the substance described as K,FeCu,S,, having a 
tetragonal lattice with c/a 1-182, is paramagnetic, containing ferric iron, 
whereas the thio-salts of copper, KCuS, KCu,S, and KCuS, are diamagnetic.” 
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The dielectric constant of K,S is 6°85 after drying for three days over 
phosphorus pentoxide.” 
_ Rotation of the plane of polarisation produced when plane polarised 
light of wave-length 546 mu is passed through a solution of K,S in a magnetic 
field (Faraday effect) has been investigated*’ as has the photoconductivity 
of the solid sulphide.** Alkali polysulphides produced by thermal reduction 
of the sulphates fluoresce in the red when irradiated by light of wave-length 
366 mu or in the blue with 254 mu (mercury lines).¥” At all temperatures 
the luminescence intensity is proportional to the intensity of the exciting 
radiation so that the mechanism sacs luminescence is unimolecular. The 
causes and mechanisms of the luminescence processes are, however, different. 


Applications 


Alkali metal sulphides are used for treating surfaces for a number of 
applications. Copper alloys have been treated with K,S solutions at 40— 
50°C. followed by neutralisation in sulphuric acid and washing to give a uni- 
form deposit of copper sulphide. This is then treated with cold ammonium 
chloride solution to produce the desired greenish-white surface coating. * 
Oxide and nitride coatings can be removed from titanium metal surfaces by 
immersing the metal in a bath of molten sodium or potassium polysulphide 
at 250—500°C. for aboutten minutes, The treatment can be prolonged to an 
hour if the sulphide bath is "buffered" with, for example, magnesium halide.“ 
Similarly silver can be removed from mirrors by immersion in hot alkali 
sulphide solutions containing alkali or solvent to soften the protecting 
coating.*? 

Rubber-like solids can be produced from alkali sulphides by condensation 
with saturated alkyl halides containing an epoxy group.** Condensation 
with dichloroethyl acetal has also been used. Oils of animal, vegetable 
or mineral origin can be sulphurised by treatment with an alkali metal sul- 
phide at 60—180°C. followed by sudden cooling.*° 

Alkali metal sulphides are oxidised by halopicrins giving sulphur, carbon 
disulphide and carbonyl sulphide as well as compounds not containing 
sulphur. A set of equations has been proposed*® to cover the reactions 
occurring as well as those involved in the more complex case of the reaction 
between KHS and chloropicrin. 

Reaction of alcoholic K,S with tetrabromotetramethylmethane gives 
2—thio—2,6,7—trithia—4—spirooctane*’ while anhydrous K,S, with allyl 
iodide gives diallyl pentasulphide.** A number of aromatic halogen com- 
pounds behave similarly. Lactones or lactone-like compounds containing 
aromatic groups when heated in the anhydrous liquid state with sufficient 
KHS to react directly with half of the lactone give dicarboxylates which 
may be converted to the free dicarboxylic acid.*? Thus, y-butyrolactone 
gives thiodibutyric acid. Tetrahydrothiophenes can be prepared irom 1, 
4 difunctional compounds, for example Br(CH,),3r, by reaction with K,S.*° 
Production of pure, anhydrous polysulphides of the alkali metals has enabled 
alkyl polysulphides to be prepared by reaction with the alkyl halide.** 


References 
1 Pearson, T.G.& Robinson, P.L., J.C. S., 1931,1304—14, (25,4479) 
2 Goubeau, J., Kolb, H. & Krall, H.G., Z. anorg. Chem., 1938,236,45—56. (32,4061) 
3 Draves; C. Z.& Tartar, H. V:, Js A.C. S., 1926,48,1527—9, (20, 2294) 
4 Fehér, F. & Berthold, H.J., Z. anorg. Chem., 1953,274,223—33, (48,5012) 


5 Simon, G., Z. physik. Chem. Unterricht, 1941,54,18—19; Chem. Zentr., 
1941, 1,2973—4. (37,6492) 


541 SULPHIDES 1849 


6 Bergstrom, F.W., Z. anorg. Chem., 1934,221,113—23. « (29,4689) 
7 Bergstrom, F. W., J. A. C.8 , 1926, 48,146—51, (20, 559) 
8 Watt, G. W. & Otto, J. B., J. Electrochem. Soc., 1951,98,1-—8. (47,6301) 
9 Schulek, E. &Koros, E., Magyar Kém. Folydirat, 1950,56,426—31. (46, 1380) 


10 Schulek, E. & Koros, E., Acta Chim, Acad, Sci. Hung., 1953, 3,125—38. (47,10390) 
11 Sterba-Boehm, iT & Auerspergrova, M., Rec. trav. chim., 1925,44,390—9. (19,2788) 


12 Fehér, F. & Berthold, HiesioZ Sonal: Chea. 1953, 138,245—9. (47,7374) 
13 Chemie, S.A. G., Austrian P. 173,466, 27-12-1952. (47, 2442) 
14 Wydler, E., Swiss P, 159,661, 1-4-1933, (27, 4639) 
15 Langauer, D. , Przemysi. Cuene 1937, 21,228—37, (32,7313) 
16 Fraas, F. & Partridge, E.Ps.cind. Eng. Chom 1936, 28,956—62, (30,6140) 


2 Wasastjerna, J.A, Soc, Seis Fenn. Com. Phys.-Math., 1923,1,No. 40,1—24(18, 1076) 
18 Erkut, H., Rev. fac. sci, univ. Istanbul, 1954,19C,1—14, (in French). (48, 12530) 


19 Dryden, I.G.C. J. Soc. Chem. Ind., 1947,66,59—62. (41,5003) 
20 Litvinenko, M.S., J. Appl. Chem. U.S. S.R., 1952,25,579—95. (Engl. 

translation): Zhur. Prikladno} Khim. 1952, 25, 516— on (48,8014) 
21 Fehér, F,& Berthold, H.J., Z. anorg. Chem., 1954, 275,241—8, (48,8610) 
2awest, C. Dz) Z. Krist., 1934, 88,97—115., (28,5734) 
oS! Zintl, 1, Harder, A. & Dauth, B., Z. Elektrochem.,, 1934,40,588—93, (28,6604) 
24 Klemm, W. & Sodomann, H., Ze anorg. Chem., 1935, 225, 273-80, (30,1620) 
25 Cambi, L. &Szeg6, L. , Atti accad. Lincei, 1932, 15, 599-602, (27,2394) 
26 Keller, F. & Lehmann, W. Rey Zee hySiks; 1934, 88 677-82, (28,5301) 
Pay Andersen, EB, & Asmussen, R.W.s, Jecbhys. Chem, 1932, 36,2827—31. (27,.887) 
28 Gobrecht, H., Hahn, D. & Kosél, Heieze Physik., 1953, 136,57—66, (48,1815) 
29 Gobrecht, H. & Hahn, Daz. Physik., 1952, 132, ie 2G. (46,8969) 
30 Clua, A. V., Span. P, 208, 060, 18-5-1953, (48, 12662) 
31 Mellgren, S. & Moles, O. W., U.S. P. 2,697,051, 14-12-1954, (49,2987) 
32 Brown, K.E., Clark, F. E, & Jackson, ChE. URS, P. 2,637,669, 5-5-1953; (47,7139) 
33 Produits chimiques de Ribécourt, F. P. 166,389, 9-10-1950, (46,3791) 
34 Regie nationale des usines Renault, 8B. P. 661,362, 21-11-1951. (46, 5882) 
35 Plombit, F. P. 984,039, 2-7-1951. (49,9918) 
36 Kretov, A. E. & Melnikov, N.M., J. Gen. Chem. U.S. S.R., 1932,2,202—7, (27, 953) 
37 Backer, H. J. & Evenhuis, N., Rec. trav. chim., 1937,56,129—36. (31, 3054) 
38 Thomas, J.S. & Riding, R. W., J. C.S., 1924, 125,2214—0. (19, 464) 
39 Badische Anilin-& Soda-Fabrik Akt.-Ges., D. R. P. 920,247, 18-11-1954. (49, 12532) 
40 Wolf, D. E. & Folkers, K., 1951,6,410—68, (46,3488) 
41 Riding, R. W.& Thomas, J.S., J. C.S., 1923,123,3271—8. (18, 657) 


SECTION LV 
POTASSIUM SULPHATE 
By W.P. DOYLE 
Prep aration 


The history of the manufacture of potassium sulphate up to 1922 has been 
described.’ 

The manufacture of potassium sulphate has been the subject of some 120 
patents and papers. In the following summary of the extensive literature ref- 
erences only are given. | 

More processes for the extraction of potassium sulphate from kainite?*? and 
from kieserite’** (Mellor, II, 659) have been patented. A number of patents 
relate to the production of potassium sulphate from other Stassfurt-type potash 
salts such as langbeinite,”** 2MgSO,,K,SO,, polyhalite,'’*° MgSO,,K,SO,, 
2CaSO,,2H,O, and syngenite,**»*? K,SO,,CaSO,,H,O. , 

Other publications describe processes for the conversion of potassium 
chloride to potassium sulphate. Reagents suggested for this purpose include 
sulphuric acid,**"*” sulphur dioxide,**7*® potassium bisulphate,*® ammonium sul- 
phate,**** magnesium sulphate,***? calcium sulphate,**"°* sodium sulphate,°**® 
and glaserite.°**® 

A few processes for the production of potassium sulphate from saline lake 
brines®*-®? and from sea water’ have been patented. 

The extraction of potassium sulphate from alunite,’*®° K,SO,,Al,(SO,),, 
2Al,0,,6H,O, has been described. In most of the processes suggested alum- 
inium sulphate is converted to the oxide by calcining the ore or by treating it 
with ammonium hydroxide, the aluminium oxide is removed by filtration and 
potassium sulphate obtained from the filtrate. 

The production of potassium sulphate from silicates, pot- 
ash alum{°° gypsum! and dolomite,’ calcium sulphate’ and potassium 
hydroxide, cane molasses,'°'°” and sunflower stems’ has been described. 

The possibility of separating potassium sulphate from sodium chloride by 
flotation methods'**"!!? has been investigated. 
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Physical Properties 


The crystal structure of potassium sulphate has been determined; 
The axial 


a simple orthohombic lattice with four molecules per unit cell. 
lengths have been determined as:-? 
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a=5-28A; b= 10-25A; c =7-50A; 
and as:-° 
a= 5:85A; b= 10-0G6A; c= 8-33A 


The space group has been variously reported as* 2Di — 13, as? probably BY 
as Vij, and as’ V¥f, the last result having been confirmed.’ The positions of 
the atoms in the lattice have been determined.*’® The characteristic twinning 
of potassium sulphate crystals has been explained intems of its structure 
and the frequencies of occurrence of various faces of potassium sulphate cry- 
stals have been correlated with its crystal structure.* Mixed crystals of pot- 

-assium sulphate andrhombic ammonium sulphate have been investigated by the 
X-ray crystal powder method.’® . 

The temperature at which potassium sulphate is transformed from ortho- 

rhombic to hexagonal has been reported as:-*° 


586+ 2°C.,as** 583+ 1°C., and as'? about 600°C. 


The heat of transformation, calculated from the experimental value of the 
high temperature heat content, is*® 1,940 g.-cal. The nucleation frequency 
for the polymorphic transition has been qualitatively investigated.** Other 
transformations occur’? at about 300°, 350° and 449°C. 

Under conditions where small opaque crystals are normally formed, potass- 
ium sulphate can be caused to grow from solution as larger transparent crys- 
tals by the addition of 0-001 - 0-5 mole % of various foreign cations;**®** the 
order of decreasing effectiveness is:-'° 


i ganOr eGdres Mai take?t;iCott Cu’ t, "Mg?! Bitt 


For Cd?+ and Mn?*, the amount of foreign cation included in the potassium sul- 
phate crystals increases linearly with the concentration of the cation in the 
solution.'® Certain cations, Fe**t, Cr°* and Ti**, hinder the crystallization of 
potassium sulphate.’* The influence of the RO, ion and related ions on the 
habit of potassium sulphate crystals has been investigated;’ the S,O,?~ ion 
has a very marked effect on the (001) planes and in concentrated solutions 
causes the deposition of thin wafer-like crystals; the S,O,?- ion also has a 
strong effect on the (001) planes while NO,” and ClO,~ ions affect both the 
(001) and the (010) planes; the Cr,O,?~ ion enlarges (010) and causes distort- 
ion.of (021) planes; the following ions have no effect:- PO,*~, AsO,°~, ClO, , 
mere CO 0brO 49D, 0, 4;0, BOF HAsO; sy HPO? and HAsO,*-.. Dyes 
which are effective in modifying the crystal habit of potassium sulphate have 
been listed;**#*? the effective functional groups, themechanism of habit change 
and the effect of molecular configuration have been discussed.'® The effect 
of agar-agar and of gelatin on the crystallization of potassium sulphate has 
been investigated.7*1 The effect of supersaturation on the habit of potass- 
ium sulphate crystals has been investigated.?* Safranine-resorcinol and 
phenol in a potassium sulphate solution form tufts of needle-like crystals 
which are included in the crystallizing potassium sulphate.” 

: When a glass rod was dipped into potassium sulphate solution, crystals 
climbed on the rod by evaporation; the height, weight and density of the 
crystalline crust were compared with those of other salts and the results are 
tentatively explained in terms of the influence of the tons and the undissoc- 
iated part of the salts on the surface tension. Cyclic twin formations have 
been described using potassium sulphate as an example;* for potassium sul- 
phate the twin planes are (110) and (110); serial twins were not observed. 
Potassium sulphate and potassium beryllium fluoride, K,BeF,, form mixed cry- 
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stals in all proportions; this is to be expected because the sulphate ion and 
the complex beryllium fluoride ion, BeF,*~, are isoelectric isoteres.** Simil- 
arly the sulphate ion and the monofluorophosphate ion, PO,F*~, are isoelectric 
isoteres, and potassium sulphate and potassium monofluorophosphate form 
mixed crystals in all proportions.’ 

The refractive index, n*, of crystalline potassium sulphate is*® 1.4950 and 
the molar refraction is 19-07. Potassium sulphate has been used to test a 
very accurate interferometric method for the determination of refraction in 
crystals.” Pure potassium sulphate does not show crystalloluminescence;*” 
neither does pure sodium sulphate, but the formation of crystals of the com- 
position 2K,SO,,Na,SO, is accompanied by luminescence. Solid potassium 
sulphate which has been exposed to ultra-violet radiation can affect a photo- 
graphic plate.** Potassium sulphate is only slightly coloured by irradiation 
if not submitted to pressure, but it becomes purple if first compressed and 
then irradiated; if melted, allowed to solidify and then irradiated it becomes 
green.*? The scattering of light by solutions of potassium sulphate of concen- 
tration greater than 0-1 molar has been measured;** the experimental value of 
the Rayleigh constant is less than the theoretical value obtained from a mod- 
ified Debye formula. The Raman spectra of crystalline potassium sulphate 
and of its aqueous solution have been measured and compared;** the frequency 
shift in the solid is 992-1 cm.~* and is less than that in 1 — 2N aqueous sol- 
utions.*®> From a study of the ultra-violet absorption spectrum of potassium 
sulphate vapour, it has been concluded that in the vapour state the bonding is 
largely covalent.*® 

A suspension of potassium sulphate in benzene or toluene has a positive 
electric birefringence.*” The parallel and transverse components of magnet- 
ization have been measured for varying orientation of the magnetizing field in 
chosen planes of potassium sulphate crystals.** During the reaction of pot- 
assium sulphate with sulphuric acid to form potassium bisulphate, the molec- 
ular diamagnetism decreases*®® by 4-47 x 107°. 

A surface examination of potassium sulphate with exo- andphoto-electrons 
has been described.‘° Crystals of potassium sulphate having freshly broken 
surfaces when dissolved in water cause a markedly greater alkaline reaction 
cowards phenolphthalein than crystals with aged surfaces.** 

The densities of crystalline potassium sulphate at various temperatures 
are given in Table I; by extrapolation, the density at absolute zero is‘? 2-72. 


TABLE I. DENSITY OF SOLID POTASSIUM SULPHATE 


The mean coefficient of thermal expansion of solid potassium sulphate is** 
13 x 107 from 21° to -78°C.,7 x 107° from -78° to -195°C.and, by extrapol- 
ation, 3 x 10~° from -195° to -273°C. The strength of potassium sulphate 
crystals has been measured.** The compressibility of solid potassium sul- 
phate has been measured up to 12 kilobars; the results can be represented by 
the equation:- 


10°K = 331-8p - 3+83p? 


where p is the pressure and K is the relative volume change.*® The vapour 
pressure of molten potassium sulphate is*® 0-4mm. of mercury at 1130°C. 
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The melting point of potassium sulphate has been reported as’? 1080°C., 
and as** {069-1°+0-5° 5.; the latter value has been confirmed.*”7 The heat of 
fusion, calculated from experimental values of the high-temperature heat con- 
tent, is** 8,760g.-cal. The specific heat of solid potassium sulphate has 
been measured*® from 51° to 298° abs.; values, in calories per gram formula 
mass, are given in Table II. 


TABLE II, SPECIFIC HEAT OF SOLID POTASSIUM SULPHATE 


mma VECe 


The specific heat relations for solid potassium sulphate are:-13 
K,SO, (a) : Cy = 27-4 + 0-2552T ~ 352,000/T’ 
K,SO, (8) : Cy = 26-80 + 0-02010T 
and for liquid potassium sulphate:- 
KSU r= Cp = 47-28 


The free energy of formation, AF,,,, of potassium sulphate as determined 
from e.m.f. and vapour pressure measurements is‘? - 313,532g.-cal. and as 
determined from specific heat measurements is**® -314,600g.-cal. Free energy 
increments above 298-16°abs. computed from experimentally determined heat 
contents’® are given in Table III. 


TABLE II. HIGH-TEMPERATURE HEAT CONTENTS, ENTROPY AND FREE 
ENERGY INCREMENTS OF POTASSIUM SULPHATE 


Fr- F 


298-16 
g.-cal./mole 


~ 4,790 

- 23,920 

-49,170 

-79,120 

-114, 260 

74,330 : ~126,700 


The heat of formation, AH,,,, of potassium sulphate is‘? ~339,670g.-cal. 
The entropy of potassium sulphate at 298-16°abs. has been evaluated as*’ 
51-5 from e.m.f. and vapour pressure measurements and as**® 42-0+0-6 from 
specific heat measurements. Entropy increments above 298-16°abs. com- 
puted from experimentally determined heat contents’* are given in Table III. 
The heat contents of potassium sulphate have been determined** from about 
473° to 1700°abs. and are also given in Table III]. Other thermodynamic 
Studies on potassium sulphate have been reportea”’ and the thermodynamic 
properties of potassium sulphate have been critically discussed.™ 
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The heat of reaction for the formation of the double salt K,SO,,Li,SO, has 
been discussed thermodynamically.5? The heat of formation of anhydrous 
potassium alum, KAl(SO,),, from the elements is’? ~589,170g.-cal. per mole 
and that of potassium alum, K Al(SO,), , 12H, 0, is®* -1,447,700g.-cal. per mole}, 
the heat of formation of potassium alum from the elements and liquid water is** 
-627 200g. .-cal. per mole. The following heat of reaction values have been 
derived.’ 


0-5K,SO, + 0-5[AL,(SO,),,6H, 0] + 9H,O (1) > KAI(SO,),,12H, 0; 
AH = ~27,430 + 50g.-cal. 
0-5K,SO, + 0-5 Al,(SO,), + 12H,O > KAI(SO,),,12H,0; 
AH = -46,060 + 130g.-cal. 
0-5K,SO, + 0-5 Al,(SO,), > 2KAl(SO,),; 
AH = -7,340 + 230g.-cal. 
KAI(SO,), + 12H,O (1) ~ KAI(SO,),,12H,0; 
AH = -38,720+ 210¢.-cal. 


The heat of solution of potassium sulphate (K,SO, — K,SO,,400H,O) at 
20°C. is®* -G6,284+4g.-cal.; the value of the heat of solution depends on the 
thermal history of the salt®* and this phenomenon is explained on the basis of 
the formation of metastable mixtures of the polymorphic forms. The integral 
heat of solution of potassium sulphate in water at 25°C.has been measured 
over the concentration range 0-0693 to 0-6667 molar and the results of pre- 
vious measurements have been critically analysed.** For potassium sulphate, 
the heat produced by the dissolution of the last mole to make a large amount 
of saturated solution is’® -6,750g.-cal. at 0°C.and -5,900g.-cal. at 18°C.; the 
heat of solution of potassium sulphate in a large quantity of water is*® 8,020g. 
-cal. at 0°C.and 6 ,400g.-cal. at 18°C. Le Chatelier’s theorem, that (ds/dt)/ 
(ds*/dt) = Ls/L's' where s and s‘ are the solubilities of the two components 
of the solution and L and L’ the respective molar heats of solution at the eu- 
tectic point, has been verified experimentally by comparing the experimentally 
determined value of L for potassium sulphate, -6,600g.-cal. with that calcul- 
ated from the experimental values of the other terms of the equation.®” The 
theoretical heat of solution of potassium sulphate, derived from thermodynamic 
constants, is*® -3, 209g. -calr elie integral heats of dilution of potassium 
sulphate at 25°C.in the concentration range’® 0-1 to 0-0001 molar are given in 
Table IV. 


TABLE IV. INTEGRAL HEAT OF DILUTION OF POTASSIUM SULPHATE AT 25°C 


Initial Concentration Final Concentration Ht. of Dilution 
(molarity) (molarity) | (g.-cal./mole K,SO,) 


0-00625 0-0001645 117 

ao 0-0003250 
0-0125 0-0003290 
0-0006 494 
0-0006580 
0-001299 
0-001316 
0:002597 
0-00 2632 
0-005195 


0-025 


The heats of dilution of potassium sulphate in the concentration range®? 
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0-5 to 0-01 molar are given in Table V. 
TABLE V. HEAT OF DILL.UTION OF POTASSIUM SULPHATE 


Initial Molar Ht. of Dilution (g.-cal./mole K,SO,) 
Concentration 


_|__Dilution of 50x Dilution of 25x_ 


The first, intermediate, and last integral heats of dilution have been deter- 
mined®® at 0°C.and at room temperature. The heat capacity of aqueous pot- 
assium sulphate solutions has been measured in the concentration range 
0-0385 to 0-6500 molar at 25°C. and for the concentration, K,SO,,400H,O, at 
20°C.and the results of previous measurements have been critically reviewed." 

The integral heat of solution of 25°C. of 1 gram-equivalent of potassium 
sulphate in a mixture of 50 moles of water and m moles of hydrogen chloride 
is’ -3,010, -5,230, -5,340, -5,190, -5,060 and -4,880g.-cal. at m = 0, 0-32, 
0-83, 1-68, 2-38 and 3-46 respectively; the results are discussed in relation 
to ionic hydration. The heat of solution of potassium sulphate in a solution 
containing 1 mole of hydrogen chloride in 12:68 moles of water is®’ 9 ,534+ 18 
g.-cal. per mole and that in a solution containing 1 mole of potassium hydrox- 
ide in 277-3 moles of water is®* 5,948+ 27¢.-cal. per mole. The heat of sol- 
_ ution at 25°C.of 5 moles of potassium sulphate in a solution containing 5 
moles of magnesium sulphate in 1000 moles of water is -5,780g.-cal. and that 
in_a solution of 45 moles of magnesium sulphate in 1000 moles of water is 
-4, 380g.-cal.;°* the heat of solution of magnesium sulphate heptahydrate, 
i ae ,O, in saturated aqueous potassium sulphate solution has been deter- 
mine 

From measurements of heat of solution and the value of the lattice energy, 
the total heat of hydration of potassium sulphate has been critically selected 
as A01kg. -cal. per mole; this value Ns been used to obtain the heat of hyd- 
ration of the simple potassium ion, Kt, 80kg.-cal. per g. ion and the results 
have been discussed in relation to the nature of the hydration sphere.** 

The solubility of potassium sulphate in water is®* 9.21% at 15°C.,9-91% 
at 20°C., 10-69% at 25°C.and®* 12-54% at 30°C. The solubility of potassium 
sulphate in water at temperatures above 100°C. has been determined;°° the 
solubility (weight percentage) which is 25-4 at 179°C., rises to 26-4 at 289°C. 
falls slightly to 23-3 at 310°C.and then falls steeply to 3-9 at 357°C. The 
velocity of solution of potassium sulphate in water has been measured®”®* and 
a constant of the velocity of solution in the equation of solution of a spher- 
oidal body has been calculated.®? The experimental value of the supersatur- 
ation of potassium sulphate at 20°C.is 0-37 and the theoretical value is 0-21; 
these results have been discussed in relation to the stability of supersaturated 
salt solutions.”?> The maximum concentrations of supersaturated solutions of 
potassium sulphate and of other salts obey Le Chatelier’s solubility law and 
are considered as what is termed the second solubility of the substance.’ 
The velocity of crystallization from supersaturated solutions of potassium 
sulphate has been determined.’”? Ouinoline yellow causes supersaturation of 
potassium sulphate solution.”* On the basis of a mathematical treatment of 
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supersaturation, solubility values for potassium sulphate have been calculated 
for stable and metastable equilibrium at various temperatures.’* The effect 
of pressure up to 10 kilobars on the solubility of potassium sulphate in water 
can be calculated theoretically from measurements made at 1 kilobar.”* From 
compression measurements on aqueous potassium sulphate solutions at 25., 
the solubility, calculated by the thermodynamic method, increases to a maxi- 
mum of 16-3% potassium sulphate by weight at 3800 bars.’ The room temper- 
ature solubility of potassium sulphate in water at pressures up to 10,000 at- 
mospheres has been calculated thermodynamically and satisfactory agreement 
with experiment obtained.’’ 

The solubility of potassium sulphate in 1N-hydrochloric acid is’® 16-08% 
by weight at 20°C. Potassium sulphate is precipitated from 0-5N-hydrochloric 
acid solution by making the solution 80% with respect to ethyl alcohol if the 
molarity of the solution with respect to potassium sulphate is greater than 
0-04 and from 1-0N-hydrochloric acid if the molarity of the solution is greater 
than 0-09.”? The solubility of potassium sulphate in aqueous ammoniacal 
solution decreases as the ammonia content increases;®° at 20°C.the solubility 
which is about 11 g. of salt in 100 g. of water containing no ammonia, decreases 
to practically zero in a solution of 30 g. of ammonia in 100 g. of water. The 
solubility of potassium sulphate in a solution saturated with respect to sodium 
sulphate is** 11-1 g. per 100c.c.at 18°C. The solubilities of potassium sul- 
phate in water-hydrogen peroxide mixtures’? at 25°C., in water-methy! alcohol 
mixtures®? at 25°C., and in water-ethylene glycol mixtures® at 30°C.are given 
in Table VI. 


TABLE VI. SOLUBILITY (S) OF POTASSIUM SULPHATE IN SOME MIXED 


SOLVENTS 
Hydrogen Peroxide-Water} Methyl Alcohol-Water| Ethylene Glycol-Water 
Lia ee (25°C,) (30° C.) 
mole S mole S S 
fraction (molality | fraction (molality [% Glycol (g.-per 


per 1000g. 100g. solvent) 


0-6905 
0: 3049 
0- 1933 
0-1134 
0:-0536 
0-0221 
0-00342 


of H,O, per 1000g.) |of CH,OH 


Potassium sulphate is readily soluble in anhydrous hydrogen fluoride®® at 
14 to 18°C, The solubility of potassium sulphate in liquid ammonia at 25°C, 
is’* zero. The solubility of potassium sulphate in methyl alcohol, ethyl alco- 
hol, acetone, acetic ester, ethyl ether*®* and in ethylene glycol®* (Table VI) has 
been measured, 

The solubilities of the following substances in aqueous potassium Sulphate 
solutions have been determined:- sodium sulphate,** potassium permanganate, *® 
cupric iodate,®’ silver bromate,** calcium iodate,*? calcium oxalate,”° zinc sul- 
phate,®? thallium picrate,®! cerous iodate,°? lead sulphate,°* and iodine.** The 
solubility of di-sodium hydrogen arsenate in aqueous systems containing pot- 
assium sulphate has been investigated.** Potassium sulphate raises the 
solution temperature of the phenol-water system.°° The anomalous results 
found in solubility experiments on cobaltammines in potassium sulphate sol- 
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ution have been interpreted by considering the influence of higher terms of the 
Debye-Hiickel theory in the case of unsymmetric valence type electrolytes.” 

Several phase equilibria studies of systems containing potassium sulphate 
have been made. Binary systems were studied and the results obtained. are 
as follows:- 


K,SO, - H,O. The system has been investigated”® under pressure at 25°C.; 
the solubility curve intersects the freezing pressure curve of ice, at 10,750 


bars and 13-3% of potassium sulphate; the directly measured pressure at the 
pressure eutectic was 10,880 bars. Investigation of the system from 30°C. 
downwards has provided evidence” of the existence of potassium sulphate 
monohydrate, K,SO,,H,O. The system has been further studied.*° 


K,SO, ~ Li,SO,. The double compounds, LiKSO,,*° melting ar’®! 716°C., and 
2Li,SO,,K,SO,, which melts at 550°C with decomposition,*°* are formed. 


K,SO, - Na,SO,. At temperatures close to fusion, the system forms a com- 
plete series of solid solutions.’ 


K,SO, - K,S. The double compound K,SO,,3K,S, m.p. 755-9°C., is formed.’** 
K,SO, - KCl. No compound formation was observed.™™ 


K,SO, ~ K,CrO,. An uninterrupted series of solid solutions ts formed; be- 
tween 585 and 666°C., the hexagonal (a) go over into the orthorhombic (8) 
solid solutions.’ 


K,SO, <- ZnSO, Two congruently fusing compounds, ZnSO,,K,SO,, and 
2ZnSO,,K,SO,, are formed.** 


K,SO, - (NH,),SO,. Complete solid solution has been observed.” 


K,SU, - V,U,;. A-compound of composition close to V,O, ,K,SO, and melting 
at approximately 500°C.has been detected.’ 


K,SO, - H,SO,. The double compounds, K,SO,,3H,SO,, m.p. 91-5°C., and 
K,SO,,H,SO,, m.p. 218-6°C. have been observed;**’ the latter exists in three 
modifications with transition points at 182° and 202°C. 


Data for the systems K,SO, - KI and K,SO, - KBr have been used to verify 
some rules relating to the determination of the type of phase diagrams of bin- 
ary systems.’ In the systems K,SO, ~ MgSO, and K,SO, - ZnSO, it has been 
shown that the end products obtained by crystallization from anhydrous melts 
are the same as the dehydration products of schénites.*”” 

Many ternary aqueous systems in which potassium sulphate is one com- 
_ ponent, have been studied. Some of these systems, e.g. K,SO, - Na,SO, - 
H,O and K,SO, - MgSO, - H,O, are of practical importance in the processing 
of natural sulphate solutions. Ternary aqueous systems were studied and the 
results obtained are summarized below. 


K,SO, - Li,SO, - H,O. At 25°C.there are’*® three solid phases, anhydrous 
potassium sulphate, lithium sulphate monohydrate, Li,SO,,H,O, and solid sol- 
utions of the double salt, Li,SO,,K,SO, with lithium sulphate; the limits of 
the molar ratio of K:Li in the solid solutions vary from 1:1 to 1: 1-08. 


K,SO, - Na,SO,- H,O. At 25°C.there are’™’ three solid phases, anhydrous pot- 
assium sulphate, sodium sulphate decahydrate, Na,SO,,10H,O, and solid solu- 
tions of anhydrous sodium sulphate in glaserite, 3K,SO,,Na,SO,. At 90°C., 
there are'*' three solid phases, anhydrous potassium sulphate, anhydrous sod- 
ium sulphate and solid solutions of anhydrous sodium sulphate in glaserite. 
Four solid phases can exist'’? over the temperature range 0-100°°C,: anhydrous 
potassium sulphate, anhydrous sodium sulphate, sodium sulphate decahydrate, 
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and glaserite. Glaserite and solid solutions of glaserite with anhydrous sod- 
ium sulphate are formed.*** Indications of the formation of the double salt, 
2Na,SO,,5K,SO,, have been obtained.’ 


K,SO, - K,CO, - H,O. Neither compounds nor solid solutions are formed.***° 


K,SO, ~ KHCO, ~ H,O. Neither compounds nor solid solutions are formed.**® 


K,SO, - KNO,~H,O. At both 25°and 90%. neither hydrates nor double salts 
wee formed. uf At both 0° and 99. Siar the results of Cornec and Hering have 
been confirmed.'” The data for the system have been discussed!” in relation 
to the separation of potassium nitrate and the recovery of other salts from 
crude Indian saltpetre. The depression of the melting point of the eutectic 
K,SO, - KNO, - ice has been determined for a number of substances.’ 


K}SO, - KH,PO, - H,0. From 30° to -3-1°C., neither solid solutions nor dou- 
ble salts are formed.” 
K,SO, - KVO,-H,O. At 25°C.there is no compound formation.’™ 


K,SO, - K,CrO, - H,O. The system has been investigated’** to determine 
whether the partition law is applicable to the equilibrium between a mixed cry- 
stal phase and the coexistent solution. 


K,SO, - K,Cr,0, - H,O. From 2N* to 40°C., neither hydrates nor double salts 
are formed, 12? 


K,SO, - KSO,NH, -H,O. At 25‘. the pure salts are the only solid phases.*** 


K,SO, - KCl - H,O. The effect of varying concentrations of ammonia on the 
system has been studied.”? 


K,S80,- KI-H,O. At 25°C.neither compounds nor solid solutions are formed.’ 
K,SO, - KCIO, - H,O. No double salt is formed’*® at 15°, 25° or 45°C. 

K,SO, - KBrO, - H,O. No double salt is formed’* at 25°C. 

K,SO, - KIO, - H,O. No double salt is formed’” at 5°, 25° or 50°C. 


K,SO, - K,[Fe(CN),] - H,O. The system has been studied’™ from 0° to 90‘C. 
and possible applications of the data indicated. Other data for the system 
have been applied’” to the removal of potassium sulphate from technical pot- 
assium ferrocyanide. 


K,SO, - K eMB(S04)a - H,O. The system has been investigated’*® between 0° 
and 63. AnG; 


K a0. - CuSO, - H,O. At 25°, 51° and 61°C.the hydrated double salt, CuSO,, 

PGs RO) is formed; 131 it is stable for molar tatios of Cu:2K between 7:1 
Pe 1:8. The system baa been reinvestigated in part*** and it was found that 
the maximum water content of the solubility curve does not occur in the pure 
aqueous solution of the double salt but in a solution containing excess of pot- 
assium sulphate. 


K,SO, - MgSO, - H,O. At*’” 0° and at*** 30°C.there are three solid phases, an- 
hydrous potassium sulphate, magnesium sulphate heptahydrate, MgSO, , 7H, O, and 
schdnite. At 30°C. mixed crystals are not formed.*** At 85°C. there are! 
four solid phases, anhydrous potassium sulphate, leonite, langbeinite and kie- 

serite. At**’ 99.5°C.and at*** 100°C.there are three ae phases, anhydrous 
potassium sulphate, langbeinite and kieserite. From the equilibria of the sys- 
tem at 35° and 100°C., a plan of fractional crystallization has been worked 
out**® to give pure anhydrous potassium sulphate starting from a solution 
containing potassium and magnesium sulphates. The solubility data on 
the system have been studied’® in the light of a solubility equation.**” The 
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system has been investigated’** by addins metnyl alcohol to the solution, 
Additional data for the system have been qbtained’*® and further analysed.**° 


K,SO, - CuSO, - H,O. At 40°C,the solid phases are*** anhydrous potassium 
sulphate, gypsum, the pentasalt, K,SO,,5CaSO,,H,O and syngenite, K,SO,, 
CaSO,,H,O. At 55°C.the solid phases are’*? anhydrous potassium sulphate, 
anhydrous calcium sulphate, the pentasalt,and syngenite. At 60° and 100C., 
the solid phases are’ anhydrous potassium sulphate, anhydrous calcium sul- 
phate, gypsum, the pentasalt and syngenite. The equilibrium concentration 
of potassium sulphate in solution at 100°C for the equations:- 
5(CaSO,,2H,0) + K,SO, = K,SO,,5CaSO,,H,O + 9H,O 

and 

K,SO,,5CaSO,,H,O + 4K,SO, + 4H,O = 5(K,SO,,CaSO,,H,0) 
has been determined.*** 


K,SO, - ZnSO, - H,O. The range of existence of the double salt is*** 0-19 to 
21-3 moles of zinc sulphate to 1 mole of potassium sulphate. 


K,SO, - CdSO, - H,O. At 25°C., the addition of potassium sulphate to a sat- 
urated solution of cadmium sulphate causes the separation of the double salt, 
CdSO,,K,SO,.°*° The following double salts have been observed:-*** CdSO,,- 
K,SO,,4H,0; CdSO,,K,SO,,1-5H,0; 3CdSO,,K,SO,,5H,0; 3CdSO,,K,SO,,2H,0; 
3CdSO,,2K,SO,,H,O. 

K,SO, ~ Al,(SO,), - H,O. At 25°C., there are’*’ three solid phases, anhydrous 


potassium sulphate, anhydrous aluminium sulphate and potash alum. Potash 


alum exists as a solid phase at)°C'** 


K,SO, - La,(SO,), - H,O. At 25°C., the following compounds have been ob- 
served:-"*? 21a,(SO,),:3K,SO,,8H,O; La,(SO,),,4K,SO,,H,0; La,(SO,),,4-5K,- 
SO,,2H,0; La,(SO,),,5K,SO,,2H,0. 


K,SO, ~ Ce,(SO,), -H,O. At 25€., the following compoundshave been ident- 
Pied:--" Ce(SO,),5K,S0,; Ce,(SO,);,4°5K,SO,;; _ 2Cé,(SO,),,3K,SO,,8H,0; 
Ce,(SO,),,K,SO,,2H,O; the results are compared with those of earlier investi- 
gations. 


K,SO, - Nd,(SO,), - H,0. At 25°C., the following compounds are formed:-'* 
Nd,(SO,),,K,SO, ,2H,O; Nd,(SO,),,3K, SO,, 2H, O; 
Nd,(SO,),,4K,SO,,H,O; Nd,(SO,),4K,SO,,2H,0; 

Nd, (SO, ),,5K,SO,,2H,0; 2Nd,(SO,),,3K,SO,,8H,0. 


K,SO, - T1,SO, - H,O. At 25°C., continuous solid solutions are formed'** be- 
tween potassium and thallous sulphates. 


K,SO, ~ (NH,),SO, - H,O. From 0° to 96-5°C.,' from the temperature of com- 


plete solidification to 30°C.}%* at 25°C.'** and at 30°C.,* the two salts form 


continuous solid solutions. 


K,SO, - Bi,(SO,), - H,O. At 25°C., the double salt, Bi,(SO,),,3K,SO,, is form- 
ed;'5° it is stable in solutions containing 5-32 to 12-8% of potassium sulphate. 


K,SO, - UO,SO, - H,O. The system has been studied’** at 25°C. 


K,SO, - MnSO, - H,O.  At*579*5® 0° and at’®” 25°C., the hydrated double salt, 
MnK,(SO,),,4H,O is formed; at 25°C., the range of existence of the double salt 
-is*** 1.5to 10-4 moles of manganous sulpnate to 1 mole ot potassium sulphate. 
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K,SO, - CoSO, - H,O. At 25°C., the hydrated double salt CoSO,,K,SO,,6H,O, 
is formed.*° The system has been further studied.’© 


K,SO, - NiSO, - H,O. At 25°C., the range of existence of the double salt is*** 
0-031 to 3°8 moles of nickel sulphate to 1 mole of potassium sulphate. The 
system has been further studied.'®° 


K,SO, - H,BO, - H,O. From 2 to 25°C: and from 25° to 100°C? neither 
compounds nor solid solutions are formed. 


K,SO, ~ H,SO, - H,O. At 30°, 50° and 75°C., the double salts, K,SO,,3KHSO, 
and K,SO,,6KHSO, are formed;*® the system has been rurther studied.’ 


K,SO, - sucrose - H,O. At 30°C., no compound is formed.’®*° 
K,SO, - dextrose - H,O. At 30°C.,no compound is formed.** 
K,SO, - urea - H,O. The system has been studied’*®’ from -13° to 25°C. 


The equilibria in a number of quaternary aqueous systems containing re- 
ciprocal salt pairs have been investigated. The systems studied and the re- 
sults obtained are given below. 


K,SO, - Na,SO, - KNO, - NaNO, - H,O. At 90°C., the solid phases are**y'?%68 
anhydrous potassium sulphate, anhydrous sodium sulphate, anhydrous potass- 
ium nitrate, anhydrous sodium nitrate, and glaserite. At 74°C., darapskite, 
Na,SO,,NaNO,,H,O, is formed.*?*9*6° 

At 32-4°C,, sodium sulphate decahydrate, Na,SO,,10H,O, appears.*®*716 
At 25°C., there is a new solid of unknown composition’™ the existence of 
which could not be confirmed.**? At 21-8°C., anhydrous sodium sulphate dis- 
appears,*®° and at 10°C. darapskite disappears.*®? At -2°C., the solid phases 
are’®? anhydrous potassium sulphate, anhydrous potassium nitrate, glaserite 
and sodium sulphate decahydrate. The results have been discussed**® in re- 
lation to the separation of potassium nitrate and the recovery of other salts 
from crude Indian saltpetre. 


K,SO, - Na,SO, - K,CO, - Na,CO, - H,O. At 25°C.the solid phases are’”® an- 
hydrous potassium sulphate, the hydrates of sodium carbonate, sodium sul- 
phate decahydrate and glaserite. 


K,SO, - Na,SO, - KCl - NaCl -H,O. The effect of varying concentrations of 
ammonia on the system has been studied;®® with increase in ammonia content, 
sodium sulphate decahydrate tends to disappear and glaserite tends to form. 
The system has been used’”’ to illustrate a graphical method of representation 
for reciprocal salt-pair systems, and data for the system have been discussed?”” 


K,SO, ~ MgSO, ~ KCl - MgCl, = H,O. The system has been investigated*”® 
at 25°C.in order to study the formation of kainite and related salts; the data 
confirm the assumption that primary kainite can be deposited from marine 
brines. The system has been investigated at 15°, 25°, 35° and 55°C.with and 
without sodium chloride as saturating phase’”* and at 25°C, in the presence of 
sodium chloride;*”® the importance of the presence of the data in the technical 
utilization of sulphate-containing solutions has been discussed.'”* 


K,SO, - MgSO, - KNO, - Mg(NO,), - H,O. The system has been investig- 
ated’’5517© between 0° and 100°C. 

K,SO, - CaSO, - KCl - CaCl, - H,O. At 25°C.,the solid phases are’”’ anhyd- 
rous potassium sulphate, anhydrous potassium chloride, calcium chloride 
hexahydrate, CaCl,,GH,O, calcium sulphate dihydrate, CaSO,,2H,O, and syn- 
genite, K,SO,,CaSO,,H,O. At 55°C.the solid phases are’*” anhydrous potass- 
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ium sulphate, anhydrous potassium chloride, anhydrous calcium sulphate, cal- 
cium chloride dihydrate, CaCl,,2H,O, the double salt, KCl,CaCl,, the penta 
salt, K,SO,,5CaSO,,H,O, and syngenite. The data have been discussed’”® in 
relation to the formation of calcium chloride in natural brines. The system 
has been investigated in the presence of various concentrations of dissolved 
ammonia and it was shown that for the equilibrium at constant temperature and 
constant ammonia concentration, between potassium and calcium ions and the 
solids syngenite and potassium sulphate, the standard free enthalpy change is 
constant.’” 


K,SO,-(NH,),SO,-KNO,-NH,NO,-H,O. At 25°C. the solid phases are’*® all 
solid solutions of a number of different types. Investigation of the system at 
0°, 25° and 50°C. has shown'*®' the existence of another series of solid sols 
utions. 


K,SO, - (NH,),S0, - K,CrO, - (NH,),CrO, - H,O. At 25°C., there are"? two 
complete series of solid solutions. 

K,SO, - (NH,),SO, - KSO,NH, - NH,SO,NH, - H,O. At 25°C.the solid phases 
are’?? one continuous solid solution of the sulphates and two series of solid 
solutions of the sulphamates. 


K,SO, - CoSO, - KCI - CoCl, - H,O. The solid phases are*** anhydrous pot- 
assium sulphate, anhydrous potassium chloride, cobalt chloride hexahydrate, 
CoCl,,6H,O, cobalt sulphate heptahydrate, CoSO,,7H,O and thehydrated double 
salt, K,SO,,CoSO,,6H,O. 


The following quaternary aqueous systems which do not contain reciprocal 
salt pairs have been investigated. 


K,SO, - Na,SO, - MgSO, - H,O. Solubility data for the system from 0° to 
120°C. have been collected and correlated.*** 


K,SO, - Na,SO, - (NH,),SO, - H,O. The system has been investigated’®* at 
60°C. 


K,SO, - KCl - KNO, - H,O. At 25°C., the only solid phases are’®® single 
204 3 2 y P g 


salts. 


K,SO, - CuSO, - T1,SO, - H,O. At 25°C.,the solid phases are**? copper sul- 
phate pentahydrate, CuSO,,5H,O, a continuous anhydrous solid solution of 
potassium and thallous sulphates and a continuous hydrated solid solution of 
two double salts, one congruently and one incongruently soluble. 


K,SO, - MgSO, - CaSO, - H,O. The tentative stability fields at 100°C. for 
syngenite, K,SO,,CaSO,,H,O, polyhalite, K,SO,,MgSO,,2CaSO,,2H,O, anhyd- 
rite, CaSO,, and the pentasalt, K,SO,,5CaSO,,H,O, have been defined.*®” | 


K,SO, - MgSO, - H,BO, - H,O. At 0°C., the solid phases are’® boric acid, 
anhydrous potassium sulphate, magnesium sulphate hexahydrate, MgSO,,6H,O, 
and magnesium sulphate dodecahydrate, MgSO,,12H,O; at 15° and 25°C,,the 
dodecahydrate is replaced by the heptahydrate, MgSO,,7H,O. 


The following multicomponent aqueous systems containing potassium sul- 
phate have been investigated. 
K,SO, - NaCl - MgSO, - H,O. The solid phases are’*® at 25°C., schonite, 
MgSO,,K,SO,,6H,O, magnesium sulphate heptahydrate, MgSO,,7H,O, and astra- 
kanite, MgSO,,Na,SO,,4H,O, at 55°C., leonite, MgSO,,K,SO,,4H,O, magnesium 
sulphate hexahydrate, MgSO,,6H,O, and loweite, MgSO,,Na,SO,,2:5H,O and at 
83°C.,leonite, langbeinite, 2MgSO,,K,SO,, and loweite. 


K,SO, - NaSO, - KCl - NaCl - KNO, - NaNO, - H,0. At 75°C., the solid 
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phases are’’? the six single salts and glaserite; the system has been further 
investigated<*? from 0° to 90°C. 

The solubility equilibria in some multicomponent aqueous systems con- 
taining potassium sulphate have been considered’* in relation to the solar 
evaporation of sea water; the solid contents of sea water under varying con- 
ditions have been extensively studied.'” 

Non-aqueous systems containing more than two components which have 
been studied are:- 


K,SO, - Li,SO, - KNO, — LiNO,; K,SO, ~ Li,SO, - K,WO, - Li,WO,;*”* 
K,SO, - Na,SO, - KCl - NaCl;?* K,SO, - Na,SO, - KNO, - NaNO,;?* 
K,SO, - Na,SO, - KOH - NaOH;'S K,SO, - Rb,SO, - KCI = RbCl;!” 

K,SO, - Cs,SO, - KCl - CsCl;*? K,SO, - MgSO, - KNO, - Mg(NO,),;7%° 
K,SO, - CaSO, - KCI - CaCl,;?*7 K,SO, - PbSO, - K,WO, - PbWo,;*% 

K,SO, - (NH,),SO, - KNO, - NH,NO,;*?797°° K,SO, - CoSO, - KCl - CoCl,;*" 
K,SO, - Li,SO, - Na,SO,;'°? K,SO, - Na,SO, - CuSO,;?07s?° 
K,SO, - Na,SO, - MgSO,;?°* K,SO, - KCl - (NH,), Cr,0,;7°5 
K,SO,’= KNOL = KCro-?*). (Ri). (SO, GIWO, izes 
(K,Na,Mg) (SO,,Cl);7°%* (K,Na,Zn) (SO,,C1);2°? (K,Na,Tl) (SO,,Cl,NO,).2%” 


Various syntheses have been carried out to verify the reactions which take 
place between solid oceanic salts.?" 

The specific gravity of saturated aqueous solutions of potassium sulphate 
is** 1-0757 at 15°C.. 1.0807 at 20°C, and 1-0853 at 25°C. The specific grav- 
ities at 25°C.of potassium sulphate solutions of various concentrations” are 
given in Table VII and the densities from 20° to 90°C.of a solution con- 
taining 10-962 g. of potassium sulphate in 100c.c.of solution®** are given in 
Table VIII. 


TABLE VII.- SPECIFIC GRAVITY OF POTASSIUM SULPHATE SOLUTIONS AT 25°C. 


Normality of soln. | Specific gravity 


TABLE VII.- DENSITY OF POTASSIUM SULPHATE SOLUTION FROM 20° TO 90°C. 
(10-9628. K,SO, per 100c.c. of solution) 


3 


The specific gravity has also been determined for 0-1 to 1-0N solutions?** 
from 10° to 50°C., and for 1-1 and 0-5 molar solutions.*** The density of sol- 
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utions containing a mixture of potassium and zinc sulphates at 0-1 and 0-5 
total molar concentrations have been measured;”** for 0-1 molar solutions, the 
densities agree with the values calculated by the law of mixtures but for 0-5 
molar solutions the experimental values are higher than the calculated. 

Mendeléev’s characteristic temperature, the temperature at which the co- 
efficient of thermal expansion of a solution becomes equal to that of water, 
is*** of the order of 50°C. for potassium sulphate solutions. 

The diffusion coefficients for aqueous diffusion of potassium sulphate 
from 19° to 25°C. have been determined;*** the activation energy of free diff- 
usion is 3,700 g.-cal. per mole. The Soret coefficient of a 0-1N solution of 
potassium sulphate is™° 17-1 x 107° degree for a cellophane membrane and 
11-4 x 107* degree™ for an ultra-fine filter. Diffusion coefficients at 0°, 25° 
and 50°C. have been measured’” as a function of pressure for the diffusion of 
*5S-tagged 0-IN-potassium sulphate solution into untagged 0-1N-potassium 
sulphate solution; the diffusion coefficients at 0°C. are given in Table IX. 


TABLE IX.- DIFFUSION COEFFICIENTS (D) FOR 0°1 N-POTASSIUM SULPHATE 
SOLUTION AT 0. AND VARIOUS PRESSURES (P) 


P (atm.) | D x 10° (cm.?/sec.) 


The diffusion constant of potassium sulphate in agar gel has been deter- 
mined*'* from 10° to 20°C. The diffusion of potassium sulphate into gelatin 
solutions containing barium chloride has been studied.#** Experiments in 
which solutions of potassium sulphate and barium chloride were allowed to 
diffuse towards each other through a thin sheet of gelatin have been used?” 
to study steady-state diffusion systems determined by mutual precipitation 
of two reagents. The diffusion of a mixture of potassium sulphate and potas- 
sium chloride in agar gel-has been studied.”® 

The viscosity of aqueous solutions of potassium sulphate has been mea- 

212,213,221 The relative viscosity of potassium sulphate solutions is 


sured, 7**)?!?) 
almost proportional to the concentration.“? The fluidity data given in 


Table X agree well with the formusa of Meyer and Rosencranz. 


TABLE X.- FLUIDITY OF POTASSIUM SULPHATE SOLUTION FROM 20° TO 90%. 
(10-962 8. K,SO, per 100c.c. of solution) 


Fluidity 


The relative viscosities”? from 25° to 85°C. of 0-01 to 0-30N-potassium 
sulphate solutions are given in Table XI; the results confirm the predictions 
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of the Debye=Hiickel theory. 


TABLE XI. RELATIVE VISCOSITY OF POTASSIUM SULPHATE SOLUTIONS FROM 
25 es 


Normality of solution at 25°C. 
On. 
nce | 9.0100 | 00500 | 0-1001 0-2000 | 00-3000 


1-0126 1-0450 
1-0131 1-0486 
1-0136 1-0517 
1-0141 1-:0542 
1-0150 1:0563 
1-0160 1-0580 
1-0166 1-0597 


1-0168 1-0613 
1-0172 1-0630 
1-0175 1-06 46 


1-:0181 
1:0187 
1-0187 


1-0660 
1-0676 
1- 0683 


In 0-1N-potassium sulphate solution, the specific ionic viscosity of potas- 
sium ions is’® -0-0030 and that of sulphate ions is 0-0135. The viscosity of 
solutions containing a mixture of potassium and zinc sulphates has been mea- 
sured.” A rule for calculating the dynamic viscosity of aqueous solutions 
containing three or four electrolytes has been illustrated”? using data for 
potassium sulphate. Potassium sulphate has much less effect on the viscos- 
ity of aqueous sucrose solutions than have acetates or carbonates,7*° 

Compression measurements on aqueous solutions of potassium sulphate at 
25°C. showed an increase in the fictive (partial) volume of potassium sul- 
phate.”° The adiabatic compressibility of aqueous potassium sulphate solu- 
tions has been determined at 30°C. and the results discussed in relation to 
ionic hydration.?** 

The surface tension of potassium sulphate solutions at 2) Ce has been 
determined;?75 below a certain concentration, the surface tension of the solu- 
tion is less than that of water while above that concentration the surface 
tension increases and is an approximately linear function of the concentration. 
Data for potassium sulphate and lithium carbonate in the presence of various 
capillary-active compounds“** show thata salt which faises the surface tension 
of water decreases the solubility of a non-conductor in the salt solution whereas 
a salt which lowers the surface tension of water increases the solubility of the 
non-conductor. 

The boiling point of a saturated aqueous solution of potassium sulphate 
has been measured,7?’ 

The vapour pressures of saturated aqueous solutions of potassium sulphate 
have been measured2”® between 0° and 25°C.; the variation of vapour pressure 
(p) with temperature (7) can be represented by the equation:- 


log p = -2332-5/T + 9-1881 


The vapour pressures from 20° to 50°C.of saturated aqueous solutions of pota- 
ssium sulphate?” are given in Table XII. 

The vapour pressures at 30-01°C. of potassium sulphate solutions of 
various concentrations**° are given in Table XIII. 

Potassium sulphate solution has been used to test an apparatus for the 
measurement of vapour pressure.*** The vapour pressure of saturated solu- 
tions of potassium sulphate and of mixtures of potassium sulphate with other 
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salts has been measured.?2” 


TABLE XII.- VAPOUR PRESSURE (p) FROM 20° TO 50 ©. OF SATURATED 
AQUEOUS POTASSIUM SULPHATE SOLUTION 


Molality of soln. | p (mm. Hg) 


0°6256 
0°6620 
0-6884 
0-6974 
07600 
0°8052 
0-8825 
0°9333 
0°972 


TABLE XIII.- VAPOUR PRESSURE (p) AT 30:01°C. OF POTASSIUM 
SULPHATE SOLUTIONS 
(concentrations in grams of K,SO, per 1008. of water) 


Concentration | p (mm. Hg) 


The variation of relative humidity with temperature has been determined?*? 
in air in equilibrium with saturated solutions of potassium sulphate from 0° to 
50°C. The Magnus formula for the variation of the vapour pressure of water 
with temperature applies alsoto concentrated solutions of potassium sulphate.?°* 
A relation for the lowering of the vapour pressure has been verified?** for 
aqueous solutions of potassium sulphate at 30° and 80°C. The effect of sat- 
urated potassium sulphate solution on the vapour-liquid equilibrium of the 
water-ethyl alcohol system has been investigated.*** The freezing point data 
for 0-001 to 0-01 molal aqueous solutions of potassium sulphate given in 


Table XIV agree well with values calculated from the formula of Debye and 
Htickel.?*° 


TABLE XIV.- FREEZING POINT LOWERING FOR AQUEOUS 
POTASSIUM SULPHATE SOLUTIONS 


Molality of soln. | F.p. lowering 
0-001 0°00526 


0-00274 0-:00530 
0°005 0-02565 
0-01 0°05005 


The lowering of the freezing point has been measured’*’ for aqueous potas- 


‘sium sulphate solutions at several concentrations between 0-0031 and 0-4074 


molal, and for- dilute aqueous solutions of equimolar mixtures of potassium 
sulphate, potassium nitrate, magnesium sulphate, and calcium nitrate.*** .A 
theoretically developed relation between the abnormal lowering of the freezing 
point for electrolytes and the increase in surface tension gives good agreement 
with experiment for potassium sulphate and other electrolytes.” The freezing 
points of solutions of various concentrations of potassium sulphate in 98% 
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hydrogen peroxide” are piven in Table XV. 


TABLE XV. FREEZING POINT OF SOLUTIONS OF POTASSIUM SULPHATE IN 98% 
_ HYDROGEN PEROXIDE 


Mole % of K,SO, 


-2:0 H,O, solid phase 
4-8 
—8+2 

~12-3 


-17°5 


—23°5 
-11-0 K,SO, solid phase 
+0-5 


The freezing point lowering for solutions of potassium sulphate in anhyd- © 
rous sulphuric acid has been determined; the freezing point constant is 
5-97 deg. g.-mol~* kg. The freezing point depression for solutions of potas- 
sium sulphate in nitrobenzene is**? 0-506°C. for a solution containing 0-432 
moles of potassium sulphate in 100 moles of solution and 0-504°C. for a sol- 
ution containing 0-795 moles of potassium sulphate in 100 moles of solution. 

Osmotic coefficients for potassium sulphate and other electrolytes have 
been determined? from measurements of the lowering of the freezing point of 
dilute solutions of mixtures of two of the electrolytes; the experimental values 
are in fair agreement with those calculated by means of the Debye-Hiickel 
theory. The velocity constant of permeation of potassium sulphate through a. 
semipermeable membrane has been determined.”** The absorption of potass- 
ium sulphate from solution during contact with copper ferrocyanide has been 
investigated,*** The specific heats of aqueous potassium sulphate solutions 
utions**® at various temperatures are given in Table XVI. ; 


TABLE XVI. SPECIFIC HEAT OF AQUEOUS POTASSIUM SULPHATE SOLUTIONS 


Molality of soln. Specific heat 


0°8934 +0-0001 
0:9067 +0-004 
0-9043+0-005 


The apparent molal volume of glycine has been measured**® in potassium 
sulphate solutions of various concentrations. 

The refractive index for the sodium D line of a saturated solution of pot- 
assium sulphate is®* 1.34470 at 15°C., 1:34507 at 20°C. and 1-4537 at 25°C. 

The electrical conductivities of potassium sulphate solutions from 18° to 
85°C. for**” 0-001 to 0-1N solutions and for**® 0-0005N solutions are given in 
Table XVII; even in dilute solutions the results are not in agreement with the 
De bye-Hiickel-Onsager theory. - 

At 25°C., the conductivity of 0-00208 molal aqueous potassium sulphate 
solution is?*’ 0:000583 and that of 0-41708 molal solution is 0-069278. The 
effect of pressure on the conductivity of dilute aqueous potassium sulphate 
solutions has been investigated”? at 25°C.; the relative resistance (the ratio 
of the resistance, R, of the cell at the given pressure to the resistance, R,, at 
atmospheric pressure) is given in Table XVIII tor a 1-6861% solution; similar 
measurements have been made on 0-1739% and 0-4336% solutions. Other 
measurements under pressure have shown”? that the relative resistance dep- 
ends to some extent on the concentration. 

The high frequency conductivity of potassium sulphate solution at™* a 
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_ wave-length of 3 metres, and at”? a frequency of 4-39 x 10’ nertz have been 


measured; the conductivity at high frequency is not significantly different 
from that at low or medium frequencies.7°!?5? 


The conductivity of dilute potassium sulphate solutions at large high- 
frequency field strengths has been investigated,”** 


TABLE XVII. EQUIVALENT CONDUCTIVITY OF AQUEOUS POTASSIUM SULPHATE 
SOLUTIONS FROM 18° To 85°C. 


Normality of Solution 5 a | 


ie) 

i8 94:55 =) 120-1 126-7 
4 ae 109-7 148-0 
30 120-7 165-8 
85.2: 131-8 183-6 
40 143-1 200-0 
45 154-7 218+3 
50 | 166-0 236-7 
55 177-9 2525 
60 189+8 269-7 
65 201-9 286-2 
70 214-0 307-6 
75 226-4 327-3 
80 238-9 346-2 
85 251-4 367-2 


TABLE XVIII.- CONDUCTIVITY OF A 1-4861% POTASSIUM SULPHATE 
SOLUTION UNDER PRESSURE (P) AT 25°C. 


1-00000 
0-94913 
0-92227 
0-90896 
0-90136 
0-89540 
0°89084 
0°88634 
0-88516 
0-88565 
0-88952 


The conductivity of a solution containing a mixture of potassium and sod- 
ium sulphates and of a solution containing a mixture of potassium and magnes- 
ium sulphates has been studied’ in order to determine whether double salts 
are formed. The conductivity of potassium sulphate in aqueous solutions of 
sucrose has been measured,”**?? as has the conductivity of potassium sul- 
phate in 2% agar sol and in 2% agar gel.”°’ 

The equivalent conductivity of hydrogen fluoride solutions of potassium 
_ sulphate is** of the order of 200 x 10™ mho. 

The variation of conductivity of solid potassium sulphate with temperature 

_has been measured”*® at high temperatures. 

At 18°C. the dissociation constants of potassium sulphate are”? 1-5 for 
the equilibrium [K*] [KSO,~] / [K,SO,] and 2 x 107? for the equilibrium [K*] 

ee; | /[KsSO."l. 


The percentage ionisation of potassium sulphate has been calculated 
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thermodynamically from freezing point data,*®° with the results given in Table 
XIX. 
TABLE X1X.- DISSOCIATION OF POTASSIUM SULPHATE IN AQUEOUS SOLUTION 


The degree of dissociation of potassium sulphate has been calculated from 
conductivity data by using the Onsager theory and assuming an intermediate 
ion;7°* the dissociation constant of the KSO, ion is 0-151. The dissocia- 
tion constant of a mixture of potassium sulphate solution and an acid moor soil 
has been calculated from measurements of the hydrogen ion concentration and 
the titration of a potassium sulphate extract of the soil.**? The lowering of 
the eutectic point of ice and potassium sulphate by the addition of a salt with 
one common ion has been explained in terms of the dissociation of the added 
sal t,78% 

The activity coefficient of potassium sulphate in aqueous solution as cal- 
culated from freezing point data is*®* 0-889 for a 0-001 molar solution, 0-781 
for a 0-005 molar solution and 0-715 for a 0-01 molar solution; the activity 
coefficients in aqueous solution have also been calculated from e.m.f. mea- 
surements7°s7°y?67 and are given in Table XX for various molarities*** and 


molalities. 7°° 


TABLE XX. ACTIVITY COEFFICIENT (y) OF POTASSIUM SULPHATE IN 
AQUEOUS SOLUTION 


Molarity of Molality of 
soln. soln. 


0-602 


From expetimental activity data, the sum of the ionic radii of potassium 
sulphate has been calculated*** as 3-8A. The activities of water in potas- 
sium sulphate solutions,*°*s7°° of sulphuric acid in potassium sulphate sol- 
utions?°*)76%)?69 and of potassium hydroxide in potassium sulphate solu- 
tions*°5*?®° have been computed from e.m.f. measurements. [onic activities in 
potassium sulphate solution have been measured with an electrode containing 
a membrane of Zeo-Carb 315 resin.?”° The mean activity coefficient of potas- 
sium sulphate in a sulphonated styrene-divinylbenzene resin has been deter- 
mined,?7* 

From transport number measurements in 0-0025 to 0-5N potassium sulphate 
solutions, the transport number extrapolated to infinite dilution is?’? 0-477 at 
25°C. Calculated cation transport numbers of potassium sulphate”®* are given 
in Table XXI; the calculated values agree well with the experimental values. 

The transport numbers in various membranes for potassium sulphate have 
been determined’”*® from e.m.f. measurements. The relation of ionic mobility 
to charge has been investigated?”* for potassium sulphate solutions. The 
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calculated mobility of the ion, KSO,~, is*** 115. 
TABLE XXI.- CATION TRANSPORT NUMBER OF POTASSIUM SULPHATE 


Cation Transport No. 


The dielectric constant of potassium sulphate solutions has been mea- 
sured?”> at 23°C. and 2 x 10° cycles frequency; the increase in dielectric 
comstant with concentration is greater than that predicted by the theory of 
Debye and Falkenhagen. The electrode potential of manganese at 25° Grin 
potassium sulphate solutions is independent of the concentration of potas- 
sium sulphate.7”° The electrode potentials of electrolytically polished 
aluminium, iron, nickel, copper, and tungsten in potassium sulphate solution 
are higher than those of the unpolished metals owing to the coating of oxide 
films on the electrolytically polished surfaces.*”” The variation in pH that 
occurs as Q-5N-barium nitrate or lead nitrate solution is added to 1N-potas- 
sium sulphate solution has been determined potentiometrically;?”* the results 
are explained in terms of hydrolytic adsorption and ionic exchange during the 
course of the precipitation. The changes in pH that occur as 0-1 molar barium 
chloride solution is added to 0-1 molar potassium sulphate solution, and as 
potassium sulphate solution is added to barium chloride solution, have been 
determined and interpreted in terms of adsorption or desorption of hydrogen or 
hydroxyl ions on the surface of the precipitates.*”® The changes in pH that 
occur as tungstate solutions are added to dilute aqueous solutions of potas- 
Sium sulphate have been investigated potentiometrically.* The electrical 
resistance of permselective collodion membranes in potassium sulphate sol- 
utions has been studied.’ The potential ratio between electrodes of charged 
(500-600 V.) blotting paper, and the variation of potential between points on the 
electrode, have been measured”*? with the electrodes dipping into aqueous sol- 
-utions of potassium sulphate; the potential shows an increase at the cathode. 

Potassium sulphate accelerates the velocity of. solution of aluminium in 
1-4N-hydrochloric acid at 25°C.%** Yeast fermentation is accelerated about 
25% in 0-2N-potassium sulphate solution.7* The effect of potassium sul- 
phate and of a mixture of potassium and ferrous sulphates, used as catalysts 
in the crystallization of gypsum from aqueous solution, on the crystalline form 
of the gypsum has been investigated.*** Potassium sulphate promotes the 
catalytic activity of aluminium oxide in the preparation of butadiene from a 
mixture of ethyl alcohol and acetaldehyde**® and also promotes the catalytic 
activity ot vanadium pentoxide in the preparation of phthalic anhydride trom 
phenanthrene.” The efficiency of vanadium pentoxide-potassium sulphate- 
silica gel as a catalyst in the oxidation of propane has been studied.** The 
crystalline state of potassium sulphate, present in a vanadium pentoxide 
catalyst, has been investigated and found to have very little effect on the act- 
ivity of the catalyst.* 

The effect of potassium sulphate on the rate of solution of gold in cyanide 
solutions,*”” on the quantity of soluble hydroxide required for the complete 
precipitation of hydrated stannic oxide from stannic chloride,”” on the muta- 
rotation and final rotation values of glucose,”? on the optical properties of 
sulfonecyanine*”* and on the quenching of the fluorescence of the doubly pos- 
itive ion of quinine by bromide ion and of the doubly negative ion of fluorescein 
by iodide ion? has been investigated, The corrosion of mild steei strip in 
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dilute potassium sulphate solution has been studied.?** The action of a mix- 
ture of sulphur dioxide, air and steam on potassium chloride, present asa 
mixture of potassium chloride, potassium sulphate and ferric oxide catalyst, 
has been investigated.?*® 

The dialytical coefficient of potassium sulphate in 0- IN-aqueous solution 
is 0-574 for a cellophane membrane;”®” the dialysis of solutions of potassium 
sulphate has been further studied.?9® The differential capacity of the elec- 
trical double layer at a mercury-solution interface has been determined?” at 
25°C. for a 0-1N solution of potassium sulphate. The rate of change with con- 
centration of the capacity of the electrical double layer on mercury has been 
measured*”? for potassium sulphate solutions. The zeta-potentials at a cell- 
ulose interface*™ for aqueous potassium sulphate solutions over a concentra- 
tion range up to approximately 0-00 1N are given in Table XXII. 


TABLE XXIL ZETA-POTENTIAL AT A CELLULOSE INTERFACE FOR 
AQUEOUS POTASSIUM SULPHATE SOLUTION 


Normality x 10° € -potential (mV.) 


0-0 


The zeta-potential of fluorspar has been measured*”? against potassium 
sulphate solutions of concentrations up to 0-01 molar; the potential is -23mv. 
in pure water and increases to about -27 mV. in 0-01 molar potassium sulphate 
solution. The surface conductivity of potassium sulphate solutions at a 
boundary of Pyrex glass**® and at a cellulose interface*™ has been measured: 
the absolute surface conductivity is*°* 9-5 x 107* mhos.cm=? for 0-01N solution 
and 4.0 x 107* mhos.cmz? for 0:001 N. solution. The coagulation effect of 
potassium sulphate on aqueous sols of silver chloride,** silver bromide,***?** 
silver iodide,*°*»*°® mercuric sulphide,*°° arsenious sulphide,*°s?®’ chromium 
hydroxide,** and ferric hydroxide*”? has been studied. The antagonistic act- 
ion of mixtures of potassium sulphate and lanthanum nitrate in the precip- 
itation of silver bromide or silver iodide sols has been considered in relation 
to the structure of the boundary layer between crystal and solution.*° The 
effect of potassium sulphate on the conductivity, pH and viscosity of solu- 
tions of gelatin has been investigated.*** The amount of adsorption of humic 
acid sols by graphite powder is increased in the presence of potassium sul- 
phate.*?? The adsorption of potassium sulphate by pure soil colloids has been 
studied.*4* The adsorption of potassium from potassium sulphate solutions by 
hydrated manganese dioxide, MnO,,H,O, and by humic acid has been investig- 
ated in relation to the decomposition by these colloids of potassium sulphate 
in solution.*** The behaviour of a charcoal-potassium sulphate mixture in the 
activated adsorption of different gases has been studied.*** The adsorption 
isotherm for the system barium carbonate~potassium sulphate, in which barium 
carbonate was regarded as the adsorbent and potassium sulphate as the adsor- 
bate, has been determined.**® Static exchange between resins of RCI type and 
a mixture of potassium sulphate and potassium chloride has been investig- 
ated.**”7. The effect of potassium sulphate on the critical micelle concentra- 
tion of sodium dodecyl sulphate has been studied.*** The addition of potas- 
sium sulphate to octanol-potassium tetradecanoate systems results in an 
initial marked increase in heptane solubility, followed by a decrease when the 
concentration of potassium sulphate is further increased.*!® The effect of 
potassium suphate on the kinetics of adsorption from solution to the air-water 
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interface has been investigated for solutions of hexadecyltrimethylammonium 
bromide and solutions of sodium dioctylsulphosuccinate,**° The rate of sol- 
ution of potassium sulphate in water is decreased by the presence of a 
protective colloid.*** The effect of potassium sulphate on the stability of 
benzene-water and amy! alcohol-water emulsions has been measured.*?? The 
contraction of agar-agar gel on immersion in potassium sulphate solution has 
been investigated.*”* 

Exchange experiments on aqueous solutions containing radioactive potass- 
ium sulphate, K,°°SO,, and inactive potassium persulphate, K,S,0,, have indic- 
ated that there is no rapid exchange between sulphate and persulphate ions.** 
Isotopic exchange of sulphur trioxide with potassium sulphate has been obser- 
ved;*** when potassium sulphate and sulphur trioxide react to form potassium 
dipyrosulphate, substantial exchange occurs between excess sulphur trioxide 
and the sulphur originally in potassium sulphate. 

The coefficient of diffusion of potassium sulphate vapour in the Bunsen 
flame is** 11-1 +. 10%. 

Chemical Properties 

Hydrogen begins to reduce potassium sulphate at 670°C.*%?” Fluorine, 
free from hydrogen fluoride, does not react with solid potassium sulphate.** 
A solution of potassium sulphate when treated with fluorine liberates ozonized 
oxygen and the solution gives all the reactions of persulphates.*” 

Ammonia begins to reduce potassium sulphate at 800°C.*?” Liquid hydro- 
gen fluoride probably reacts with potassium sulphate.** When excess of sul- 
phur trioxide reacts with potassium sulphate at temperatures below 150°C., 
potassium pyrosulphate is first formed; the pyrosulphate then reacts rapidly 
with sulphur trioxide to form potassium dipyrosuiphate, K,S,O,,. When a limited 
amount of sulphur trioxide reacts with potassium sulphate, the final products 
are potassium sulphate and potassium dipyrosulphate; these results apparently 
clarify previous seemingly contradictory results. **° 

After immersion for 24 hours in boiling IN-potassium sulphate solution, 
aluminium is not appreciably attacked, copper is somewhat attacked, lead is 
noticeably attacked and zinc is appreciably attacked.*** In the double decom- 
position reaction between calcium hydroxide and potassium sulphate, equilib- 
rium can be shifted towards the formation of more potassium hydroxide by the 
presence of calcium aluminates which form insoluble calcium sulphate alumin- 
ates.°°? When calcium iodate is shaken continuously with a large excess of 
0-5 molar potassium sulphate solution for several days, syngenite, CaSO,, 
K, SO,,H,O, is formed.*** The precipitation of zinc hydroxide from solutions of 
potassium zincate by the addition of potassium sulphate has been studied.*** 

Potassium sulphate forms addition compounds with boron trifluoride and 
orthophosphoric acid. The compound K,SO,,BF, is formed by passing boron 
trifluoride over gently heated potassium sulphate;** it is a white crystalline 
substance which decomposes when heated and when dissolved in water. The 
crystalline compound 2K,SO,,H,PO, is precipitated when a solution of potas- 
sium sulphate in concentrated orthophosphoric acid is poured into alcohol,**® 
and the crystalline compound K,SO,,H,PO, is similarly formed from a hot solu- 
tion of orthophosphoric acid saturated with potassium sulphate.** 

Some double salts of potassium sulphate have been prepared: 3K,SO,, 
Na,SO, by heating a mixture of solid potassium and sodium sulphates; **’ K,SO,, 
MSO,,6H,O by the reduction of potassium persulphate with metallic copper, 
magnesium, zinc, cadmium, manganese, iron, nickel or cobalt;°** K,SO,, 
2Al,Br, by dissolving potassium sulphate in molten aluminium bromide;**’ 
2K, SO,,2TiOSO,,5H,O by the addition of solid potassium sulphate to a boiling 
solution containing: titanium dioxide and sulphuric acid;**° 3K,SO,,Bi,(SO,), 
by the addition of potassium sulphate solution to a concentrated solution of 
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bismuth. nitrate acidified with nitric acid.*°* Langbeinite could not be pre- 
pared from anhydrous potassium and magnesium sulphates.*°? The formation 
of complexes in aqueous solutions containing potassium sulphate and another 
salt has been detected. In solutions containing potassium and zinc sul- 
phates, density and viscosity measurements have indicated the formation of a 
complex.”** The complexes K,[Cu(SO,),] and K[ Al(SO,),] have been detected 
by refractometric measurements on aqueous solutions.*** In aqueous solutions 
containing potassium sulphate and sulphuric acid, complex formation has been 
detected by the deviation from linearity between the acid function and the 
ionic strength of the solution.’ Measurements of interfacial tension have 
shown the existence of two complex sulphates in solutions containing potas- 
sium sulphate and the sulphates of copper, cobalt, nickel, vanadium, zinc, 
magnesium or cadmium; and the existence of one complex sulphate a solu- 
tions of potassium sulphate and the sulphate of another alkali metal or sil- 
ver."** The formation of anionic compiexes between pyrophosphates and 
potassium sulphate has been studied.*** Refractometric measurements have 
shown no complex formation in solutions of potassium sulphate with ammonium 
chloride.*** 

Electrolysis of potassium sulphate solution has shown the formation of 
persulphate and oxygen “in layer”;*** other sulphates were also studied and 
the most rapid and complete conversion of sulphate to persulphate was with 
potassium and ammonium sulphates. 

The temperature at which thermal decomposition begins has been deter- 
mined for various compositions of potassium sulphate-ammonium sulphate 
mixed crystals.**° The reaction range of a mixture of potassium sulphate, 
potassium chloride and ammonium dichromate has been studied;**’ the plot of 
the explosion range of this mixture is not linear. The reaction of solid potas- 
sium sulphate with solid sodium sulphate and with solid magnesium sulphate 
monohydrate, MgSO,,H,O, has been investigated under a pressure of 6000 at- 
mo spheres. **® 

Diazomethane reacts with potassium sulphate in aqueous solution to give 
a 100% yield of potassium methyl sulphate, potassium hydroxide and nit- 
rogen.**? The combination of Novocaine with potassium sulphate has been 
studied.**° 


Applications 


The industrial utilization of potassium sulphate has been reviewed, °*" 
The effect of potassium sulphate fertiliser on sugar cane,**? oat straw,” 
grass,*’ tobacco*’*s**> and general crops®” and of fertilisation with a mixed 
salt obtained from potassium sulphate and ammonium nitrate*® has been inves- 
tigated. The acidifying effect of potassium sulphate when applied to the soil 
has been studied.*? The hygroscopicity of a phosphatic fertiliser has been 
reduced by the addition of potassium sulphate.**° Potassium sulphate has 
been suggested as a constituent of a moulded organic fertiliser*®* and of phos 
phatic fertilisers.*°7s*®* The production of fertiliser from phosphate rock by 

fusion with potassium sulphate has been described.***9*** 

Potassium sulphate has been used to activate anhydrite binders.*®° The 
effect of potassium sulphate solution on the conversion of anhydrous gypsum 
to the dihydrate has been studied.**” The effect of the addition‘of potassium 
sulphate to gypsum on the expansion’) and strength**s*” of gypsum and the 
effect of the addition of a mixture of potassium and aluminium sulphates on 
the hardness*” of gypsum have been investigated. 

Catalysts containing potassiun sulphate have been used in dehydrogen- 
ation, *’? in the production of phthalic anhydride trom tar oils*”* and in the con- 


version of durene to carboxylic acids.*”* 
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Potassium sulphate has been used in the preparation of easily soluble 
titanium compounds and of very pure titanium dioxide from ilmenite,*’® in the 
removal of fluorine compounds from sulphur dioxide in the manufacture of sul- 
phuric acid,*’® in the preparation of glucose syrup, 77 in the water-proofing of 
gypsum products, 3” to improve the water-absorption characteristics of fibrous 
plaster-receiving surfaces,” in the preparation of potassium-containing nitro- 
sulphato phosphates,**® in concrete mixes,” and as a starting material for the 
manufacture of potassium sulphide.**? The effect of potassium sulphate on the 
floatability of sulphate minerals,*** on the fluidity of aqueous suspensions of 
china clay, *8* on the properties of tanned leather,**® and on the formation of 
cream in GR-S latex’*® has been investigated. The potassium sulphate con- 
tent of wines is increased by the addition of suiphuric acid at each withdrawal 
of the wine from storage casks.**” The effect of slaking with potassium sul- 
phate solution on the sedimentation of the resulting slaked line has been in- 
vestigated,**® Efflorescence of bricks and tiles is associated with potassium 
sulphate and other soluble sulphates.**s°°° A method of treating a mixture of 
solid potassium sulphate and sodium borate to decrease segregation has been 
described.**', The products of the reaction of spodumene with potassium sul- 
phate have been investigated.*°? The diffusion coefficient has been deter- 
mined for solventless propellent powders containing potassium sulphate. *” 
Potassium sulphate is formed at clinkering temperatures when potassium ox- 
ide and sulphur trioxide are present in cement mixtures.*°*9** 


Analytical 


The pharmacopceial test for potassium sulphate as an impurity in alum- 
inium acetate solutions has been discussed.*® Potassium sulphate solution 
can be titrated against barium chloride or lead nitrate solution with a dropping 
mercury cathode.’ Mixtures of potassium and magnesium sulphates can be 
analysed by heating to 1100°C., when only magnesium sulphate decomposes, 
and determining the resulting loss in weight.°” In the determination of potas- 
sium in potassium sulphate by precipitation with calcium ferrocyanide, the 
precipitate is dissolved in dilute sulphuric acid and the resulting solution 
titrated with potassium permanganate.°*”” 

The use of potassium sulphate as a catalyst in the Kjeldahl method for 
nitrogen has been investigated.*°°»*°* A solution made by combining 10% pot- 
assium sulphate and 10% potassium fluoride solutions in a 6:1 ratio is an 
excellent alternative to the Zimmermann-Reinhardt reagent in the estimation 
of iron in ores.*”? 
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Potassium bisulphate has been prepared by the fusion’ of ammonium bi- 
sulphate and potassium sulphate in the presence of steam superheated to 200- 
400°C., and also by the evaporation’ of a solution of potassium pyrosulphate 


over phosphorus pentoxide. 


Physical Properties 


X-Ray analysis of potassium bisulphate has shown® that the space lattice 
is [",, the lattice constants are:- a = 8°64 + 0-024A., b = 18-86 + 0°02A»,¢ = 
9.78 + 0-O1A., and the number of molecules in the unit cell is 16. For the 
absorption of 8-rays by potassium bisulphate* the mass absorption coefficient 


is 16-9. 
~49-77 x 10". 


The molecular magnetic susceptibility of potassium bisulphate is* 


A study of the system potassium sulphate~sulphuric acid has indicated 
that potassium bisulphate is tetramorphous.° From measurements of the sol- 
ubility of potassium bisulphate, the transition points between different forms 
of potassium bisulphate have been determined’ as 164-2° and 184° C.in concen- 


trated sulphuric acid from 135° to 200°C. 


The density of potassium bisulphate at 16°C.is* 3-303 + 0-001. 
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The melting point of potassium bisulphate has been reported as* 216°C.and 
aso2 Psd oC: 

The entropy of fusion of potassium bisulphate is® approximately 23 g.-cal. 
mole-! degree’. The heat capacities of aqueous potassium bisulphate sol- 
ution at 25°C. have been determined’ over a range of concentration and are 
given in Table XXIII. 


TABLE XXIII. HEAT CAPACITY OF AQUEOUS POTASSIUM BISULPHATE 
SOLUTIONS AT 25°C. 


Molality of Solution =| 


cal. gram degree”) 


0-0498 0-99720 
0-1017 0:99725 
0- 2483 0-99919 
0:5547 1-00595 
10151 1-01884 


2° 2442 1-06272 


Mixed crystals of potassium bisulphate and potassium permanganate have 
been prepared.” The formation of solid solutions between potassium bisul- 
phate and potassium borofluoride has been discussed** in relation to the lat-_ 
tice parameters. In the system potassium bisulphate-potassium pyrosulphate 
the eutectic temperature has been reported as® 201-2°C.and as’ 203-5°C.and 
the corresponding composition as® 7-5 mole percent of the pyrosulphate and 
as’ 5 mole percent of the pyrosulphate. ‘The small fall in acidity shown by 
potassium bisulphate when treated with dry ethyl alcohol may be explained by 
regarding potassium bisulphate as composed of potassium sulphate and sulph- 
uric acid with which ethyl alcohol torms a ternary system.’* The density of 
2+4310 molal aqueous potassium bisulphate solution is Ne10 22 -at75. G. 

The conductivity of solid potassium bisulphate is*® 2°258x107° ohm™cm.“* at 
22:8°C., 1-282 x 107° ohm cmz* at 93-0°C., and 3-682 x 107° ohm cm." at 
168-C(°C. The conductivity of molten potassium bisulphate is® 0-049 ohm~* 
cm>* at 211-8°C. and 0-141 ohm= cmz* at 300-5°C. Small amounts of water 
adsorbed on powdered potassium bisulphate give rise to a sharp peak at about 
~30°C.in the temperature variation of dielectric constant and power factor of 
the solid.* | 

In potassium bisulphate solution, partial dissociation of the bisulphate 
ion, HSO,~, has been detected** by Raman effect measurements. By means of 
the Raman effect, the relative degrees of dissociation of potassium bisulphate 
have been determined*® at four concentrations:- 13%, 1-00; 21%, 0-84; 28%, 
0-68; 34%, 0-82. For potassium bisulphate solution, the plot of the number 
of undissociated potassium bisulphate molecules against concentration is in — 
agreement with the equilibria of double ionisation.*° The Raman spectrum 
of potassium bisulphate has been discussed*’ in relation to its electrolytic 
dissociation. 

The use of potassium bisulphate as a catalyst in the dehydration of 
alcohols has been investigated. At 145°-150°C.and in the presence of potas- 
sium bisulphate as a catalyst, benzyl alcohol gives dibenzyl ether, 2-phenyl- 
ethyl alcohol gives diphenylethyl ether and a mixture of alcohols gives the 
corresponding mixed ethers.** With the same catalyst, the lowest temperature 
at which olefins are formed from propyl alcohol is’? 210°C. In such reactions 
potassium bisulphate is inferior to sodium bisulphate*’»”° and this smaller 
catalytic activity is related to its less hygroscopic nature.** Potassium bi- 
sulphate has been used as a catalyst also in the esterification of ethyl alco- 
hol, propyl alcohol, and isopropyl alcohol with acetic acid, and in the ester- 
ification of ethyl alcohol with propionic acid.?? 
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Potassium bisulphate, in quantities up to 0-1 mole iraction, does not 
reduce the rate of thermal decomposition of nitric acid sufficiently to prevent 
the eventual approach to equilibrium over storage periods of months at elev- 
ated ambient temperatures.** The depolymerization of paraldehyde at 25°C.in 
an aqueous solution of potassium bisulphate is a first-order reaction with 
respect to paraldehyde; the rate of reaction depends on the Hammett acidity 
function and oncatalysis by undissociated species.“* The presence of 0-2% of 
potassium bisulphate does not affect the action of ultrasonic vibrations on 
distilled water containing dissolved oxygen.” The effect of potassium bisul- 
phate grit on the initiation of an explosion by friction and by impact in the 
solid secondary explosive P.E.T.N. has been studied;* potassium bisulphate 
has no effect on initiation by friction and the explosion efficiency (impact) is 
2-5%. The effect of potassium bisulphate, used as a catalyst in the crystall- 
ization of gypsum from aqueous solution, on the crystalline form of the gypsum 
has been investigated.” 

Both in the presence and in the absence of potassium bisulphate, no hyd- 
rogen-deuterium exchange was observed, at temperatures above 100°C., bet- 
ween tri-ethylmonosilane, tri-phenylmonosilane, or tri-ethoxymonosilane and 
deuterium oxide or deuterated ethyl alcohol.” 

The thermal change of potassium bisuiphate into the pyrosulphate, 
2KHSO, — K,S,O, + H,O, has been investigated;’ the reaction is slow ar 
300°C., much more rapid at 350°C., and slightly faster still at 400°C.: the 
pressure from 140° to 250°C.is given by the equation:- 


log Pim = (-3965-60/T) + 9-36683 
Chemical Properties 


A study of the action of fluorine on potassium bisulphate solution sugges- 
ted that potassium persulphate was formed,” in later work*?** it was shown 
that a solution of potassium bisulphate treated with fluorine liberates ozonized 
oxygen and shows all the reactions of persulphate and that pure potassium 
persulphate could be isolated from the solution. The action of fluorine on 
solid potassium bisulphate also gave a product with all the reactions of per- 
sulphate.*? Neither platinum nor a gold-platinum alloy containing 90% of gold 
is appreciably attached by potassium bisulphate below 400‘C., but at 600°C. 
the alloy is attacked about twice as much as platinum.*® 

Potassium bisulphate begins to decompose slowly to the pyrosulphate at” 
160° to 170°C. The thermal dehydration of potassium bisulphate does not 
go to completion, even under reduced pressure or in a current of sulphur tri- 
oxide.° 

Crystallization of an aqueous solution of potassium bisulphate gave pure 
potassium sulphate; extraction of solid potassium bisulphate with ethyl alco- 
hol removed sulphuric acid, leaving a residue of the normal sulphate.” 

When equimolar mixtures of potassium bisulphate and dipotassium mono- 

hydrogen orthophosphate are heated, a highly exothermic proton-transfer reac- 
tion occurs ar about 200°C. producing potassium sulphate and potassium 
_ dihydrogen orthophosphate.” 
Treatment of leucite with aqueous potassium bisulphate solution yields 
alunite and a potassium micaceous mineral;*°’*’ sanidine gives similar res- 
ults.*” Treatment of kaliophilite with aqueous potassium bisulphate solution 
yields newtonite and alunite.*? Fusion with potassium bisulphate ts a useful 
means of separating iron hydroxides and oxides from residues of heavy miner- 
als thus facilitating the separation of unattacked minerals.” 

Potassium bisulphate has been used in a rapid method of synthesis of 
- organic reagents tor qualitative analysis; e.g. trituration of 2-naphthol, sodium 
nitrite and potassium bisulphate for a few minutes gives a brown solid which 
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can be used as 1-nitroso-2-naphtol for the detection of cobalt and zirconium.” 
Applications 


The applications of potassium bisulphate, with special reference to its 
agricultural uses, have been reviewed.*° Potassium bisulphate has been used 
in the manufacture of potassium dichromate*’ and activated carbon,‘? in the 


solubilization of phosphatic fertilisers** ** 
cracking catalysts,*° 
emulsion polymerization of vinyl chloride, 
of a reagent for the detection of sugar.”* 


8 


adie Keser Yang Lb at 


in the activation of clays used as 
in the dehydration of boleko oil,*® as a catalyst in the 
and as a constituent 
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SECTION LVI 
POTASSIUM CARBONATE 


By W.H. LEE andM. F.C. LADD 


Preparation 


The concentration of potash ores such as sylvinite, langbeinite or halite, 
and their treatment by froth-flotation to produce a concentrate of the valuable 
ingredient of the ore, have been discussed. ** 

The electrolysis of a solution of potassium chloride (240g.) and potassium 
bicarbonate (140g. per litre) produces potassium carbonate in the cathode com- 
partment; more potassium chloride is added to replace that consumed, and 
carbon dioxide is added to precipitate potassium bicarbonate.** 

Potassium carbonate or potassium bicarbonate may be obtained from potas- 
sium carbamate, NH,COOK, by hydrolysis. The carbamate may be prepared by 
the interaction of potassium chloride and ammonium carbamate in liquid am- 
monia.”° Alternatively the treatment of potassium chloride in liquid ammonia 
with carbon dioxide, at a temperature greater than the decomposition tempera- 
ture of the alkali carbamate, yields the bicarbonate directly.°° Potassium 
chloride in liquid ammonia may also be treated with solid ammonium carbonate, 
and the product hydrolyzed as before.*°*? 

The passage of carbon dioxide through an aqueous solution of potassium 
chloride in the presence of an amine such as methylamine or dimethylamine,** 
or of a guanidine-formaldehyde mixture’ yields potassium bicarbonate and the 
amine hydrochloride. } 

Potassium chloride is converted into potassium silicate, with liberation of 
hydrogen chloride, by heating with silica; the silicate is dissolved in water 
and treated with carbon dioxide to .produce potassium carbonate and a precipi- 
tate of silica which is used again.** 

Potassium chloride solution treated wid syngenite (calcium potassium 
sulphate) in the presence of ammonia and carbon dioxide yields a mixture of 
potassium sulphate and calcium carbonate; further treatment with carbon. 
dioxide under pressure converts the mixture to potassium bicarbonate and 
syngenite, the former being converted to potassium carbonate with lime.*® 

The aqueous extract of polyhalite, reduced by natural gas at 30°, gives a 
solution which contains potassium sulphide and at high concentrations is 
saturated with respect to potassium carbonate. On carbonation, 2000lbs. of 
polyhalite yield 320lbs. of potassium carbonate directly, and treatment of the 
residues with potassium chloride (sylvinite) yields additional potassium 
carbonate.*” 

The production of potassium carbonate from sylvinite solution has been 
described.*** The mother liquor of the Solvay ammonia-soda process is 
treated with strontium sulphate, when strontium carbonate is formed: this 
when treated with sylvinite solution, and subsequently with carbon dioxide, re- 
forms strontium sulphate, together with potassium carbonate and bicarbonate. 

Potassium formate, made from potassium sulphate, an alkaline earth 
hydrate and carbon monoxide, gives potassium carbonate upon calcination;”°~” 
in one process, this reaction is carried out at 200° and 15atm.*” A similar 
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process employs calcium formate from which potassium formate is prepared by 
treatment with potassium sulphate.** The calcination may be effected in a 
rotary kiln. Potassium formate may be converted into potassium bicarbonate 
by treatment with ammonium bicarbonate in aqueous alcohol; the potassium 
bicarbonate is sparingly soluble in this medium and jis readily separated.”° 
The ‘formate’ method has recently been reviewed.”’ 

Potassium bicarbonate may be prepared by treating a solution of potassium 
acetate in ethanol with carbon dioxide and ammonia; the bicarbonate sepa- 
rates out,” and the alcoholic solution is treated with calcium hydroxide to 
produce calcium acetate which is subsequently converted to potassium acetate 
for re-use in the process. | 

A mixture of potassium sulphate, carbon and calcium oxide, heated to 
about 1000° in nitrogen, gives a product containing potassium cyanide; this is 
es with steam at 400°-500° to give potassium carbonate and am- 
monia:-"”” 


2KCN + 4H,0 > K,CO, + CO + H, + 2NH, 


It was later suggested that the mixture of potassium sulphate, carbon and 
calcium oxide should be finely ground and brigquetted before treatment with 
nitrogen.** 

Potassium carbonate or bicarbonate is obtained by treating an aqueous 
suspension of potassium sulphate with barium carbonate in the presence of a 
stream of carbon dioxide. The barium sulphate is reconverted to barium car- 
bonate by treatment with sodium carbonate, *24 or by reduction to barium sul- 
phide before this treatment.** A mixture of granular potassium bicarbonate 
with finely ground potassium sulphate and barium sulphide is treated with 
boiling water. Hydrogen sulphide is eliminated on boiling, and the bicar- 
bonate reacts with the potassium sulphide formed to yield a solution of potas- 
sium carbonate. Barium sulphide is regenerated from the precipitated barium 
sulphate.*® In a modification of this process, the hydrogen sulphide is re- 
moved by an aqueous absorbent such as a solution of arsenious oxide.*” 

Potassium carbonate is obtained by treating a solution of potassium 
hy droxide with carbon dioxide in limited quantity, so that some of the hydrox- 
ide remains in the mother liquor to retain impurities in solution, potassium 
carbonate being precipitated.***° The complete carbonation of potassium 
hydroxide solution has also been described.** 

A solution of potassium dihydrogen phosphate or of dipotassium hydrogen 
phosphate is treated with ammonium carbonate or bicarbonate in the presence 
of free ammonia, preferably at about 0°. A precipitate of triammonium phos- 
phate is obtained, and potassium carbonate is recovered from the filtrate. 
The ammonium phosphate may be treated with potassium chloride to give a 
potassium phosphate (KH,PO, or K,HPO,) for re-use.**4° Alternatively, the 
potassium phosphate solution may be treated at about 0° with sodium carbonate 
or bicarbonate. In this procedure disodium hydrogen phosphate is precipi- 
tated: treatment of the filtrate with ammonia precipitates ammonium phos- 
phate, and the filtrate then contains potassium carbonate.** A dilute solution 
of potassium phosphate (K,HPO,, 234% soln., for example) is saturated with 
ammonia in the presence of sufficient ammonium carbonate to convert all the 
potassium into potassium carbonate; triammonium phosphate is precipitated 
and the solution contains potassium carbonate.** Potassium carbonate is 
produced from potassium chloride in a two-stage process, comprising heating 
with calcium hydrogen phosphate in the presence of water at 700°-900° fol- 
lowed by passage of carbon dioxide through a suspension in water of the 
calcium potassium phosphate first formed.*° 

Potassium carbonate is made by adding magnesium oxide to a solution of a 
potassium salt, preferably the chloride, under a pressure of carbon dioxide 
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equal to or higher than the critical pressure at which carbon dioxide is soluble 
in all proportions in water.*’ Similarly, potassium carbonate is produced by 
treating milk of calcined dolomite with carbon dioxide under pressure, filtering 
and then causing the solution to react with potassium chloride.** 

The addition of magnesium oxide or hydroxide to a solution of a potassium 
salt saturated with carbon dioxide precipitates ‘nascent’ magnesium carbonate; 
treatment of this precipitate with a concentrated solution of a potassium salt 
gives a precipitate of Engel’s salt, KHMg(SO,),,4H,O. Separation of this 
salt and its decomposition by heat in aqueous suspension forms insoluble 
magnesium carbonate and potassium bicarbonate solution.”** The decomposi- 
tion of Engel’s salt has been considered in some detail;**®? one such process 
involves heating the salt with carbon in nitrogen to 950° to give potassium 
cyanide and magnesium oxide. Treatment with steam at 300°500° gives the 
carbonate, the separated magnesium oxide reacting with potassium chloride to 
form a further quantity of Engel’s salt.°* The impure magnesium carbonate 
trihydrate obtained by decomposing Engel’s salt is regenerated by conversion 
into an aqueous solution of magnesium bicarbonate, separating the solid 
residue, and recovering pure ma gnesium carbonate trihydrate from the solution 
for conversion into fresh Engel’s salt.°*°* The production thus becomes 
cyclic, and is known as the Engel~Precht process; this has recently been 
generally reviewed.° 

Potassium carbonate may be obtained from mica by fusing with excess 
‘of potassium hydroxide, cooling, and extracting with water. The aqueous 
extract is treated with carbon dioxide; potassium carbonate may be extracted, 
or the crude mixture used directly, e.g. as a fertilizer.°’ Feldspar may be 
similarly treated, to yield potassium carbonate; in this case the mineral is 
fused with potassium carbonate (this being recovered),°* or with a mixture of 
sodium and calcium carbonates.” 

Finely-ground feldspar or orthoclase may be heated under pressure with 
sodium ‘silicofluoride (Na,SiF,) solution; on cooling, K,SiF, crystallizes out. 
A hot aqueous solution of this salt is treated with ammonia and carbon di- 
oxide; (NH,),SiF, and potassium carbonate are obtained.” 

A mixture of nephelite, (Na,K)AISiO,, and limestone is heated to 1200° in 
a rotary kiln. The melt is ground, and lixiviated with sodium carbonate solu- 
tion, to give an aluminate solution. Silica and phosphorus are removed by 
heating under pressure with calcium oxide; the filtrate is then treated with 
carbon dioxide at 80°-90°. Aluminium hydroxide is filtered off, and the 
sodium and potassium carbonates separated.’ 

Potassium carbonate may be extracted from leucite, K,O, Al,0O,,4SiO,, by 
calcining it with limestone and fluorite at 930°;”* the subsequent treatment is 
the same as for nephelite.”* 

Lava, and basic eruptives, such as wyomingite, contain the mineral 
leucite. The wyomingite is heated under pressure (at 200°) with sodium 
carbonate solution, and the solution evaporated and cooled; potassium sul- 
phate remains in solution, but most of the silica is precipitated. The re- 
mainder of the silica is removed by treatment with magnesium carbonate; 
second-stage evaporation, and treatment with carbon dioxide, gives the double 
salt, Na,CO,,K,CO,, which is re-cycled, and a saturated solution of potassium 
carbonate.’* The kinetics of the base- exchange reaction between wyomingite 
and sodium carbonate have been studied.”* 

The amount of potash in various plant by-product materials (up to 60% of 
the ash) justifies their consideration as a source of industrial potash. Methods 
of obtaining potash concentrates from the ash have been discussed.”* 

Molasses, and other by-products of the sugar industry, may be calcined in 
a limited supply of air; sulphates are reduced to sulphides, and treatment of 
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an aqueous extract with carbon dioxide yields potassium carbonate.’®’’ Prior 
addition of potassium sulphate improves the yield of potassium carbonate.*° 
Processes for obtaining potash, sodium cyanide and ammonium sulphate from 
molasses distillery residues have been reviewed.”* Incineration of molasses 
at a low temperature yields a crude potash fertilizer.” In an alternative 
method, the molasses is allowed to ferment after the pH of the diluted solution 
has been adjusted to 40. Calcium sulphate is separated, and concentration 
and carbonization at 830° produces decolorizing carbon and potassium carbon- 
ate; the carbon dioxide formed in the fermentation may be recovered.” 


Purification. | 

A number of methods have been suggested for the elimination of sodium 
carbonate from potassium carbonate. These include passing the solution 
through a potassium zeclite;** conversion to, and separation of, the bicarbon- 
ates;** evaporation of the concentrated mixed aqueous solution and cooling 
to -—15°;°*** and fractional crystallization.*’ 

Passing potassium carbonate solution through an ion-exchange resin, such 
as Amberlite I R 120 in the hydrogen form, removes potassium hydroxide from 
the solution; this has been found desirable in the preparation of labelled 
potassium carbonate by passing “CO, into potassium hydroxide solution.”® 

Alkali metal chlorides are separated from solutions of crude potassium 
carbonate by saturation with ammonia gas; two layers are formed, having 27g. 
KCl + 17g. K,CO, per litre in the upper layer, and 740g. K,CO, + 4g. KCl per 
‘litre in the lower layer.°”°° Alternatively, electrolysis of the solution between 
silver electrodes, with an anode current density of 20-30 microamperes per 
sguare cm., reduces the chloride content practically to zero, the optimum con- 
centration of solution being 1*5 mol. K,CO,/1.” 

Dissolved silica may be removed by crystallization, on cooling from 100° 
to 25°; the remaining silica (about 20% of the original silica content) may be 
adsorbed at 27° on hydromagnesite (3MgCO,,Mg(OH),, 3H,O).°” 


Specification for Purity. 

For the detection of bicarbonate in potassium carbonate, a 20% solution is 
prepared: then 30c.c.of barium nitrate solution and 3 drops of phenolphthalein 
are added. No red colour should develop after mixing and allowing to stand in 
a well-stoppered bottle for 3 minutes. The addition of 0+1 c.c.of01N. caustic 
soda solution should impart a permanent red colour to the solution. The test 
is sensitive to 0+1% of bicarbonate.”° 

A specification for ‘A.R.’ potassium carbonate has been drawn up, as 
shown in Table I.” 


TABLE I.- SPECIFICATION FOR ‘A.R.’ POTASSIUM CARBONATE 


Insoluble matter Not greater than 0°02 

Loss on ignition Not greater than 1°0 

Cl’ and Clo,’ About 0-003 as Cl’ 
Sulphate Not greater than 0°004 
Nitrogen Not greater than 0-001 
Phosphate Not greater than 0°005 


Silica Not greater than 0°005 
NH,OH ppt. Not greater than 0°005 
Ca and Mg ppt. Not greater than 0°015 
As Not greater than 0°0003 
Na About 0°02 
Heavy metals, Pb | Not greater than 0°-0005 
Heavy metals, Fe | Not greater than 0001 
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Potassium carbonate of regular granularity may be obtained by cooling or 
evaporating its solution in order to precipitate the saltas fine crystals; these 
are dried, fused in a rotary furnace, and subjected to an air blast as the fused 
mass is poured from the furnace.** Alternatively, a solution of 28 parts of 
potassium hydroxide in 28 parts of water with100parts of potassium carbonateis 
led into a rotating, inclined, thermally-lagged iron tube, coated with nickel or 
silver. Carbon dioxide is led in at 15°~-65°, and after 20-25 minutes potas- 
sium carbonate is obtained in granular form in 98% yield.”® 

It has been suggested that the tendency for potassium carbonate to form 
hard lumps during storage may be overcome by admixture of 1-2% of potassium 
bicarbonate, though such potassium carbonate may be termed only ‘commercial’.”’ 


Physical Properties 


Crystals of potassium bicarbonate are monoclinic prismatic, the unit cell 
containing four molecules, and having the dimensions shown in Table IL 


TABLE I. - MEASURED LATTICE PARAMETERS OF 
POTASSIUM BICARBONATE, IN A. 


15°04 + 0°04 & 51 + 0°02 3°68 + 0-01 
15-11 5°67 3°71 
15¢176 + 0°003 | 5°630 + 0-002 | 3¢708 + 0-002 


The space group is Co, - P2,/a;°*""* the CO, group has C-O distances 1+28, 
1-32 and 1+ 33A. and is planar. 102 The two O atoms with the longer C-O dis- 
tances are H-bonded in pairs to another CO, group with O-H...O distance 
2:61A., so that a complex anion (H,C,O,)~~ is formed.*°? A recent goniometric 
examination gives the following values tor interfacial angles:- 


1005200 7 G17; 
100:401, 53°8' 
201-40 1,0923°5 * 
in good agreement with those calculated from previous X-ray work.*°* 
The following interfacial angles have also been reported:-*™ 


001:100, 76°35’ 
100: 101, 53°25’ 
001:101, 23°10’ 


Two species of crystalline ‘stone’ have been found in the trunks of stand- 
ing, partly-burned trees: fairchildite, K,CO;,,CaCO;, hexagonal, ¢ = 1°48, wm = 
1°530, and buetschliite, 3K,CO,,2CaCO,,6H,O, probably also hexagonal, with 
€= ee and @ = 1-595. The corresponding compounds have been synthe- 
sized. 

The infrared spectra of potassium bicarbonate and potassium carbonate 
have been investigated. Absorption bands appear at 6p, 7: Sp 10% and 12p, 
for the bicarbonate; and at 6-9y and 11+4y for the carbonate.*® 

The hydrogen bond in potassium bicarbonate has been studied by investi- 
gating the Raman spectra of single crystals. The distortion of the vibration 
pattern of the ion as compared with the energy levels of such compounds as 
calcium carbonate indicates the existence of a perturbation, such as might 
arise from hydrogen bonding between O atoms in adjacent ions. Data on the 
spectra are tabulated.*°? Distinctive chemiluminescence is observed at a 
potassium carbonate surface on which the combination of hydrogen atoms, and 
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the H-OH reaction, are occurring.*”® 
The density of potassium carbonate, at 25°, is 2°426. The coefficient of 
thermal expansion, a, has the following values:-*” 
Temperature range: 19°to-78° -78° to -183° -183° to —273° 
10°a iW) 9 4 
The dissociation pressure of potassium carbonate, according to the reac- 
tion:- 
K,CO, = K,0+ CO, 


has been measured at various temperatures; the results are given in Table IT. 


TABLE III. - DISSOCIATION PRESSURE OF POTASSIUM 
CARBONATE, IN MM. OF MERCURY 


The melting point of potassium carbonate is 891°.'°%!2 The decomposition 


velocity of potassium bicarbonate follows the Arrhenius equation, with activa- 
tion energy 24°45 kg.-cal./mole.*'* The enthalpy change of the dissociation, 
AH, 5° = 94+26 kg.-cal. /mole.*** 


Thermodynamic data for the decomposition of potassium bicarbonate:- 
72. 2KHCO, -* K,CO, + CO,.+ H,O(g) 
are as follows: 


AH 9, = 32°44 kg.-cal./mole 
AG ,o, = 10°76 kg.-cal./mole 
NS ioe 3 Ss 


| Bor the formation of potassium bicarbonate, according to the theoretical pro- 
cess:- 


K + 4H, + C(B-graphite) + 40, = KHCO,, 
AGF a0 = -209+5 kg.-cal./mole 
nos ae OWEN Us 


AHf 93 = ~233°3 kg.-cal./mole’™ 


A more recent value for Mifass is -229+3 kg.-cal./mole.*** The following 
values are given!*% for the heat of formation of potassium carbonate:- 


AG foo, for: K,CO, -251°5 kg.-cal./mole 5,5, = 36+1 e.u. 
Apacs for: K,CO, -273°9 kg.-cal./mole Adj, = -272¢1 
P5COLHIO=2 1004 kp Seale mole 
RACOMLO 2783-4 ke cal: /mole 


Potassium carbonate shows two second-order transitions, at 410° and 465°; 
by comparison, sodium carbonate shows a second-order transition at 360°, and 
a first-order transition at 480°. The second-order transitions of potassium 


carbonate are indicated by anomalies in specific heat and thermal expansion 


data! 
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The rate of thermal decomposition of potassium bicarbonate has been 
studied at 140°--200°, using a thermobalance. The results may be interpreted 
by the four-stage decomposition:- 


KHCO, — SKHCO,K,CO, > 2KHCO,K,CO, — KHCO,K,CO, —> K,CO,.'*° 


It appears doubtful, however, whether these species correspond to definite 
chemical compounds. 

The rate of decomposition of potassium carbonate in a stream of nitrogen 
has been studied in the presence or absence of water vapour and of solid pro- 
moters such as silica and alumina. Within the temperature range 200°-700°, 
water vapour increases the rate and the promoters are more effective in the 
presence of water vapour. A maximum rate of decomposition is observed at 
500°-600°.**” 

The dielectric constant of potassium carbonate at 18° and 1666 kcs./sec. 
is 496.*** The mean dielectric constant (€) for bulk crystals of potassium 
bicarbonate has been calculated from BSttcher’s equation’? applied to data for 
the powder; the value obtained, at 10 kcs./sec. was 431 + 003. From the 
equation a, = 2ES5y? (where V is the molecular volume in A*., and a,, the 
mean molecular polarizability) a,, for potassium bicarbonate was found to be 
119°8, V being given by X-ray measurements as 76-0c.c.'**? Taking Roberts’s 
values'!?” for the polarizabilities of the sodium and potassium ions, the ionic 
polarizability of the bicarbonate ion was calculated to be 87*5 in sodium 
bicarbonate, and 77*5 in potassium bicarbonate. It is concluded that the 
protons in these bicarbonates do not possess the freedom postulated for pro- 
tons in the hydrogen-bonded solids potas sium dihydrogen phosphate and ice.*??? 

Considering the physical properties of aqueous solutions, the refractive 
index and molar refraction have been measured for a number of solutions of 
potassium carbonate, at 25° and at sodium D wave-length (5893A.); the results 
are listed in Table IV. 


TABLE IV. - REFRACTIVE INDEX, AND MOLAR REFRACTION, 
OF AQUEOUS POTASSIUM CARBONATE, AT 25°.!” 


099707 | 1°33254 
1°05309 | 1934314 


1610709 | 1°35286 
1516191 | 1536233 
1620614 | 136967 | 


The temperature at which the coefficient of thermal expansion of an 
agueous solution becomes -equal to that of water, called by Mendeleev the 
‘characteristic temperature’, ¢,, is for potassium carbonate approximately 
50%; | 

The viscosity and density of aqueous solutions of potassium carbonate, 
and of mixed aqueous solutions of potassium carbonate and potassium hydr- 
oxide, have been measured at three temperatures: 20°, 30° and 40°. Table V 
records the results at 20° for pure potassium carbonate solution, and for the 
intermediate potassium hydroxide concentration studied (46°3 wt.-%); other 
potassium hydroxide concentrations considered were 241% and 72+3%.*?” 

The solubilities of potassium carbonate and potassium bicarbonate in 
water at various temperatures, and the densities of the solutions, are listed in 
Table VI and Table VII.** 

At 18°, 82°5g. of potassium carbonate dissolves in 100c.c. of saturated 
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TABLE V.- VISCOSITY AND DENSITY OF AQUEOUS SOLUTIONS OF POTASSIUM 
CARBONATE, AND OF POTASSIUM CARBONATE-POTASSIUM HYDROXIDE, AT 20° 


Potassium Carbonate 


1°0526 


1°1459 


- 161003 1°3051 
161514 1» 5184 
1°1945 le 7638 
1» 2349 20372 
1s 2764 23677 
163159 2°7925 
1° 3631 Se 4422 

0°-9178 12-0474 161227 
1°2538 
1°4479 
1°6434 
1°9237 
2° 1582 
2° 4665 


2°9619 


TABLE VI. - SOLUBILITY AND DENSITY OF 
SATURATED SOLUTIONS OF POTASSIUM CARBONATE 


ee aieteela | g.K,CO, per 100g. sat. soln. 


50°45 


TABLE VII.- SOLUBILITY AND DENSITY OF SATURATED SOLUTIONS OF 
POTASSIUM BICARBONATE UNDER 1 ATMOSPHERE PRESSURE OF 
CARBON DIOXIDE 


Loa eae g. KHCO, per 100g. sat. soln. 


sodium carbonate solution.’** The molality of a saturated solution of potas- 


sium bicarbonate in water at 25° is 3°60; that of the hydrate K,CO,,%4H,O at 
2): is 6¢22.'™ 
Solubility the systems 


isotherms in potassium carbonate-potassium 
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sulphate—water and potassium bicarbonate-potassium sulphate-water at 50° 
have been determined.*** 


Potassium carbonate is insoluble in liquid ammonia at 25° in water, at 
this temperature, 1:458 moles dissolve in 10 moles of sol vent.** 

Potassium carbonate is considerably more soluble in methyl alcohol than 
in ethyl alcohol, acetone or ether; the significance of these results, from the 
point of view of Soxhlet extraction, has been considered,’?’ 

The surface tension of a 2°65 molar aqueous solution of potassium carbon- 
ate is 82:2dynes/cm. at 15°'** 

The interfacial tension between water and mercury at 20°, 375 dynes/cm., 
is unaffected by addition of potassium bicarbonate; the interfacial tension 
between molar potassium carbonate solution and mercury is 381°6 dynes/cm.*” 

The surface tension of aqueous solutions of potassium carbonate has been 
measured at 20° with the results recorded in Table VIII.** 


TABLE VIIL- DENSITIES AND SURFACE TENSIONS OF AQUEOUS 
POTASSIUM CARBONATE SOLUTIONS AT 20° 


Wt.-% water | Mols.water/1. soln. 


Density, molarity and apparent molar volume of concentrated aqueous solu- 
tions of potassium carbonate have been measured; the curve relating molar 
volume to the square root of the concentration is linear only as far as 2+2N. 
Values are listed in Table IX.*** 


TABLE IX. - DENSITY AND APPARENT MOLAR VOLUME AT 25° OF 
CONCENTRATED AQUEOUS SOLUTIONS OF FOTASSIUM CARBONATE 


1 
(Mol arity) 2 Eres Apparent molar vol.iC.C.) 
1- 20614 


1616192 
1¢10710 
1°05310 


The volume of water of hydration, per mole of potassium carbonate, is 390c.c. 
at 30° 432 

The boiling-point:pressure relationship for potassium carbonate solutions 
in water is shown in Fig. 1, which is typical over a wide range of concentra- 
tions.*** 

Potassium carbonate salts out ethyl alcohol from its concentrated aqueous 
solution; the composition of the two liguid layers has been determined at 25°, 
50° and 75°. In the three-phase systems, the total vapour pressure, and the 
partial pressure of ethanol, show minima at medium concentrations of both 
potassium carbonate and ethyl alcohol. For example, at 50° the total vapour 
pressure and the partial vapour pressure of ethanol are minimal, at 191+5 and 
115°4 mm.Hg respectively, when the concentration of ethanol is 15+75% in the 
lower layer and 31-17% in the upper layer.*** 

Isothermal dehydration curves for potassium carbonate have been drawn; 
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FIG. 1. BOILING POINT: PRESSURE RELA‘LIONSHIP FOR POTASSIUM 
CARBONATE SOLUTIONS AS COMPARED WITH THAT FOR WATER 
CONCENTRATION = 85+90 g.K,CO,/100g.H,O 


_ the heat of hydration, to K,CO,,2H,O, has been calculated as 101 kg.-cal./ 
mole.*** 

Kinetic studies have been made of the absorption of gases by aqueous 
solutions of potassium carbonate. 

The absorption of carbon dioxide by alkali metal hydroxide and carbonate 
solutions has been studied. The rate of absorption of carbon dioxide per sq. 
cm. in hydroxide solutions is (Dk[OH7] yA CO aj, where LD is the diffusivity of 
free carbon dioxide, k is the reaction rate constant for the process: CO, + 
Me 7 ALCO, ; [OH- ] is the concentration of hydroxyl ions in solution, and 
[CO,] is the concentration of carbon dioxide at the interface.**® For potas- 
ales carbonate solutions at 30°C. and under a pressure of carbon dioxide of 1 
atm., the initial rate of absorption of the gas may be expressed by:- 


4aM/ab = k(C, - C,)b/Z, 

where M is millimoles of carbon dioxide absorbed in time @ hours, A is the 
surface area in cm.”, C, is the concentration of the carbonate solution in g.- 
equiv. per litre, C; the interfacial concentration of carbon dioxide, and Z the 
viscosity in centipoises. This is a general equation applying also to absorp- 
tion by alkali hydroxide solutions. For potassium carbonate, the specific 
values of k and b are 0°45 and 0:443 respectively. It is concluded that, for 
absorption of carbon dioxide under batch conditions, the rate is largely 
governed by the rate of diffusion of the gas through the liquid.’*? For the 
equilibrium:- 


KecO HO CO. =) 2KHCO,, 
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the equilibrium constant, defined by:- 


Von [KHCO,]? 
K,CO,].pco,, 


varies with temperature as follows:- 


et ya 40° 50°. 60° 10 80° 30 
K = 0239 0°182 0132 0°096 0-068 0045 0-023 


The rate of absorption of carbon dioxide by potassium carbonate solutions is 
proportional to the partial pressure of carbon dioxide, pco:: the rate is al- 
most independent of temperature for 2N. carbonate solutions, but increases 
with increasing concentration and with stirring.*** Equilibrium at the inter- 
face is attained in less than five milliseconds; solute gas molecules diffuse 
from the interface into the liquid interior as chemical reaction proceeds.**” 
The rate of absorption of carbon dioxide is greater for potassium hydroxide 
solution than for potassium carbonate solution, and very much greater for 
potassium bicarbonate solution, under varying conditions of temperature, pres- 
sure, concentration and stirring.*4%44°7 

On the plant scale, the effect of variation of flow rates of liquid and gas, 
and of the packing of absorption columns, upon the rate of absorption of carbon 
dioxide by mixed solutions of potassium hydroxide and potassium carbonate 
has been studied.*** 

The rate of absorption of bubbles of carbon dioxide by potassium carbonate 
solution at various temperatures depends upon the carbonate:bicarbonate ratio; 
the rate is greatest at high temperatures in carbonaterich solutions and 
greatest at low temperatures in bicarbonate-rich solutions. For an unbroken 
surface the rate is proportional to the pressure of carbon dioxide at low pres- 
sures of the gas; at higher pressures it is more dependent upon the concentra- 
tion of the solution, and in this respect Sones the absorption of hydrogen 
sulphide.**? 

The absorption of hydrogen sulphide at pressures within the range 0: 02-07 
atm. is very dependent upon the concentration of the absorbent in solution but 
not upon the partial pressure of the gas; at low partial pressures, however, 
the concentration of absorbent does not affect the rate which is then markedly 
dependent upon partial pressure.*** For dilute solutions of potassium carbon- 
ate the absorption process is:- 


K5CO;3 HSS =; KHGOe kts. 
For a 2N. solution of potassium carbonate the equilibrium constant K, is:- 


K. . LXHCO,I[KHS] 
; [K,CO,.py, s, 


where PHS is the partial pressure in mm.Hg. A, has the value 0°074 mole/litre 
mm. at 33°C. The relationship between py as and the concentration of hy dro- 
gen sulphide present in a 2N. solution of potassium carbonate at equilibrium 
c may be expressed by:- 


PHS = 714(t + ASG 


which holds within the temperature range 25°-60°. K, is related to the tem- 
perature’** by the equation:- 


log K, = (2800/4+5761) ~ 3-2. 


For simultaneous absorption of carbon dioxide and hydrogen sulphide, we 
have the further processes:- 
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eG COP TH Ons 2KHCOe SS Kea (1) 
KHS + CO,+H,O = KHCO,+H,S..... (2) 


Equilibrium in this system is determined by the constant K, representing the 
ratio of K, in the previous system to K, for the system: CO, - K,CO, - KHCO, 
- H,O; K, is of the order unity, and ane equation (2) anes is readily rever- 
mete The ratio [H,SI/[CO,] absorbed does not vary significantly with the 
concentration of the solution. K, increases with decrease of temperature, and 
lower temperatures favour the Epeorntn of a higher proportion of carbon 
dioxide. *** 

The effect of electro-osmosis on paper electrophoresis of 0°025M. potas- 
sium carbonate solution has been studied; 0:060g. of electrolyte were trans- 
ported, and the boundary moved 2:6lcm. in one hour.*** , The electrocapillary 
maximum for 1N. potassium carbonate solution at 25°C. is 0°473V. referred 
to the normal calomel electrode. At this value, the potential (£) between 
mercury and the solution changes with the chemical potential (%) of the elec- 
trolyte according to: dE /dy = 0-132, and the capacity of the electrical double 
layer on mercury is 220uF.per sq.cm.**° The surface charge density (q) on 
mercury in 0° 1N. potassium carbonate at 25° has been measured; the results 
at varying interfacial potentials (Z) measured relative to the normal calomel 
electrode are listed in Table X.**’ 


TABLE X. - SURFACE CHARGE DENSITY IN MICROCOULOMBS 
PER CM.?Hg IN 0:-1N. POTASSIUM CARBONATE AT 25° 


The zeta-potential of potassium carbonate solutions at a cellulose inter- 
face has been derived from measurements of streaming potentials by the rela- 
tionship: € = 4n7Hnx;/PD, where ¢ is the zeta-potential, and H the streaming 
potential, both in millivolts, 7 is the coefficient of viscosity, ks is the surface 
specific conductivity in mhos, D is the dielectric constant and P the pressure 


in cm.Hg under which streaming occurs. The results are recorded in Table 
34 eta 


TABLE XI.- STREAMING POTENTIALS AND ZETA-POTENTIALS, AT A 
- CELLULOSE INTERFACE IN POTASSIUM CARBONATE SOLUTIONS 


* xis the bulk specific conductivity of the solution 


An equation relating electrical conductivity and vapour pressure of a solu- 
tion is: Klogp,/p + rC =nF, where K is a constant at a given temperature, py 
is the vapour pressure of water and p that of the solution at this temperature, 
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C the specific conductivity of the solution and n the concentration in moles 
per 100g. of water. At 100°, K has the value 3926. For potassium carbonate 
solutions, taking the vapour pressure measurements of Tammann,**” and elec- 
trical conductivities at 100° determined by Dahlblom,**° the following values 
of the constants r and F were deduced: r= 311, F = 149. 

Aqueous vapour pressures have been measured for the saturated solution 
of potassium carbonate dihydrate, K,CO,,2H,O (1), and for the equilibrium:- 


K,CO,,2H,O (solid) = K,CO, (solid) + 2H,O (gas) (2). 


The results, in mm. of mercury at various temperatures, are recorded below:-*** 


Tenipait.im15 20 25 30 35 40 
pamin(1) 5.9.50. 7e8 ai Oe Gel linc eaten s 
petmine(2) re Z eee ene Boy ira eibue: 


Apparent and partial molal volumes of potassium carbonate, in solutions of 
sodium chloride, have been determined from density measurements at various 
concentrations of both salts, at 25°. The results are shown in Table XII.**? 


TABLE XII. - APP ARENT AND PARTIAL MOLAL VOLUMES OF 
POTASSIUM CARBONATE IN SODIUM CHLORIDE SOLUTIONS AT 2° 


Molarity NaCl Volume ionic strength, py, [Density | 7, | 4, | 


0°04065 0° 20162 0°99876 15°07 
0-04061 fits 0:44976 1-00531 
0°04057 0- 11756 0°62278 1601292 
0:04048 0+ 21636 0°83040 1°02448 


0°04038 0+ 32289 


0 


1-00451 
0° 40361 


1°03686 
100378 


0°05184 0° 56411 1°00995 
O° 11577 0°71401 101743 
0° 20953 0°88926 1:0 2826 


0°32643 
0 


1-06817 
0: 59992 


1604141 
1-01176 


003599. 


0°3595 0°05475 0.72371 1°-01812 
0° 3590 0-11375 0° 83681 1°02488 
003581 0-21704 1°-00460 1°-03651 


1015416 
0080187 


1°0 4838 
1502305 


0°3569 0°3 2506 


0 


0-05399 0° 89676 1°0 2924 
0°11773 0°99719 1°>03647 
0-21094 le 12806 1°04694 


0-33479 
0 


1+ 28132 
099609 


1-06047 
1°03693 


0°99 22 


0°9908 0°05304 1°07234 1°04279 
0» 9890 0-11733 1+ 15801 1604982 
0°9860 0°21555 1627775 1-06033 


009825 0° 32583 1639999 1607182 


Note: The apparent molal volume, ¢,ml., is obtained from the equation:- 


j, = UV = Vi + 2b,) 


Ns ? 


where V is the total volume of solution, n, the number of moles of solvent, n, 
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and n, the number of moles of sodium chloride and potassium carbonate, res- 
pectively, and ¢, is the apparent molal volume of sodium chloride in aqueous 
solution of composition n,n,. The partial molal volume, //;, is given by:- 

Tes tell is 


on iqatiae 


The electromotive force of cells of the type shown below, involving potas- 
sium carbonate solution in methanol or ethanol, has been measured with the 
results recorded in Table XIII.**? 


TABLE XII.- E.M.F. AT 50°C. OF THE CELL 
Hg/HgC1, KCN. )/K,CO,AQ.(c,)/K,CO,(c, IN ROH)/KC\(N. ae 


siren [er [er | eve, [Hav 


MeOH = 27 


*c, and c, are in moles/litre 


In an investigation of the first ionization constant of carbonic acid, the 
electrical conductivity of aqueous solutions of potassium bicarbonate was 
measured at 25°; the conductances are recorded in Table XIV.'5?? 


TABLE XIV.- ELECTRICAL CONDUCTIVITY OF AQUEOUS 
SOLUTIONS OF POTASSIUM BICARBONATE AT 25° 


10%e(e-equiv./.) 


0 - 118-00 
0-8773 11555 | 11551 


168312 114948 | 11443 
4 4866 112°50 | 11254 
10°571 109°83 | 109°87 
19°639 10727 | 10730 


eal: was obtained from the Onsager equation in the form:- 
A + 59°79¢ % 
1 = 02274e% 


The electrical conductivity of solutions of potassium carbonate in varying 
concentrations of potassium hydroxide solution has been measured at 25°, 50° 
and 97°C.*** The results at 25° are recorded in Table XV. 

Viscosity in the system KOH-K,CO,-H,O has been measured at 25° and 50° 
for two particular concentrations of potassium hydroxide: the results are 
given in Table XVI.*** 

The electrical conductivities of solutions of potassium carbonate and 
potassium bicarbonate in 15°Brix (15°8876g. per 100ml.) and Normal (26+026g. 
per 100ml.) sucrose solutions have been measured with the results shown in 
iable XVII." 

From the relationship:- 


= 11800 + 76°0c 


b(cy - 


a blo = C1) = constant, A, 


ie 
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TABLE XV.- ELECTRICAL CONDUCTIVITY IN THE SYSTEM 
KOH-K,CO,-H,O AT 25° 


Wt.-%KOH | Wt.-%K,CO, 


TABLE XVI.- VISCOSITY OF POTASSIUM CARBONATE SOLUTIONSIN A 
SOLUTION OF POTASSIUM HYDROXIDE AT 25° AND 50°C. 


Le Ns 


1°2791 
1s 2947 
13309 


1°3689 
1¢ 4243 
13080 
13247 
1°3669 
1+ 4270 


TABLE XVII. - ELECTRICAL CONDUCTIVITY OF SOLUTIONS OF POTASSIUM 
CARBONATE AND POTASSIUM BICARBONATE IN THE PRESENCE OF SUCROSE 


ormality 
K,CO, 
KHCO, 


where b is the ratio of the mobilities of the hydroxyl and potassium ions, and 
Cy and c, are respectively the initial and final concentrations of the solution, 
the amount of electric current needed to produce a given concentration of 
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potassium hydroxide by ‘the electrolysis, through a porous diaphragm, of a 
potassium carbonate solution may be found. Within the concentration range 
10- 30g. of potassium carbonate per 100ml. and the temperature range 20°- nO 
A varies from 33°9 to 780,**° 

The magneto-optical rotation of the plane of polarization (Faraday effect) 
by aqueous salt solutions has been measured. The results for potassium 
carbonate and potassium bicarbonate solutions, together with the derived 
Verdet constants, are listed in Table XVIII.**° 


TABLE XVIIL - MAGNETO-OPTICAL DATA FOR AQUEOUS POTASSIUM 
CARBONATE AND POTASSIUM BICARBONATE AT (°C. AND A = 5460A. 


0 ie) 


K,CO, 
47079 | 165114 | 161164 | 0-0173 
KHCO, 


In this table D,/D, is the rotation of the solution relative to the rotation of 
water at 0°, for the same current and layer thickness: V is the Verdet con- 
stant: and M is the relative molecular rotation of the solute when the molecu- 
lar rotation of water is taken as unity. 

The Raman line corresponding to the absorption line at 9°Qu is strongly 
excited in the scattered radiation from aqueous potassium carbonate; Raman 
lines corresponding to the absorption lines at 14:l6y, 11*4y and 6°7y appear 
only faintly. These infra-red absorption lines correspond to the classically 
calculated frequen dies of the carbonate ion.*°”**’? The magnitude of the 
Raman shifts is almost independent olathe na ture of the cation and is very 
similar for solutions containing the ions CO,'’, HCO, and NO,’.'8* For 
example, in a normal solution of potassium Carbonate. the: mean ehale Ke 106€°5 
cm. as compared with 10648cm.~* for sodium carbonate ©? Regarding the 
intensity of this line, taking J Rama ‘I Primary for the line excited by 4358A. 
in benzene as 100, we obtain'’®° Jp apes 


° 
t 


Chemical Properties 


The reaction between chlorine and solid potassium carbonate has been 
studied over the temperature range 200°-600°. The main reaction was:-*** 


2K,CO, + 2Cl, —> 4KCl + 2CO, + O,. 


The reaction is more difficult than with sodium carbonate and there is less 
formation of the perchlorate by a side reaction.*®” 

Gaseous sulphur trioxide reacts with solid anhydrous potassium carbonate 
at 40°, according to the equation:- 


K,CO, ¢ 380, = K,5,0,,'+ CO,. 


In the reaction with sodium carbonate under similar conditions Na,S,O, is 
formed.*°* An equimolar mixture of potassium carbonate and barium sulphate, 
heated to 600° for five minutes, showed 225% conversion to potassium sul- 
phate, the heat of reaction being 9 g.-cal. Replacement of the barium sui- 
phate by lead sulphate gives 40°9% conversion to potassium sulphate, with a 
heat of reaction of 7 g.-cal.*°* Potassium carbonate lowers the lead oxide- 
silica eutectic from 675° to 580°, dissolving without decomposition.*® 

A mixture of potassium carbonate, alumina and silica heated in a tungsten 
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spiral, emits K” ions at.750° to 800°. The ionization potential is related to 
the heat of formation of K,0.** 
In the system potassium carbonate-potassium chromate the equilibrium 


temperatures of solidus and liquidus and me corresponding compositions are 
recorded in Table XIX."°7 


TABLE XIX. - SOLIDUS-LIQUIDUS TEMPERATURES IN THE 
SYSTEM POTASSIUM CARBONATE-POTASSIUM CHROMATE 


Wt.-%K,CO, | ¢,liquidus 


893 
830 
804 
786 
78 1(minimum) 


804 
824 
875 
920 
975 


Aqueous solutions of potassium carbonate are slowly decomposed on 
boiling. For example, a 0»2N. solution boiled under reflux for 5-7 days ina 
current of air or steam (to remove carbon dioxide as formed) showed 65% 
decomposition. The extent of decomposition is stated to be proportional to 
the square root of the time of boiling, as the following Table shows.’ 


TABLE XX. - DECOMPOSITION OF POTASSIUM CARBONATE (0: 2N.) 
SOLUTION ON BOILING UNDER REFLUX 


aa CO, elimin’d K(%a ne Y 
1 lime, mins. em ecomp./mins. ’2 


The reaction:- 


K,CO, + CaCl, — CaCO, + 2KCl 


has been investigated. With normal solutions of reactants at 30°, calcium 
_ carbonate in the form of ‘vaterite’ is obtained; this remains stable only if 
ethanol also is present (to the extent of 10%), and if the precipitate is sepa- 
rated rapidly, washed with ethanol and ether, and dried.’ 

Double decomposition between solutions of potassium carbonate and 
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magnesium sulphate, at the boiling point, leads to several different magnesium 
carbonates according to the conditions; the various forms have been studied.*”° 
When concentrated solutions of potassium carbonate and magnesium chloride 
are slowly brought into contact, a membrane of the type MgCl,:K,CO, = 2:3 
(approximately) is formed.!7*17? 

The reciprocal systems Na,K || CO,,X, where X = F’, Cl’, Br’ and I’, have 
been studied.'’* The systems are represented in Figs. ay 3, 4 and 5, details 


990° 860° 
Na.F 690° Na,CO, 


2 2 
850° . 896° 


FIG. 2, THE QUATERNARY SYSTEM: K,CO,-Na,CO,-KF-NaF 


of individual systems being as follows:- 

Na,K || F’,CO,. Four binary systems express the results of the study of this 
system: 
K,CO,-KF, eutectics occur at 688° and 677° with compositions 70%K,CO, and 
57%K,CO, respectively; the intermediate compound is K,CO,,KF. 
K,CO ‘Na 2CO;, complete range of solid solutions. 
Na, CO NaF, simple eutectic at 690° and composition 75%Na,CO,. 
KF-NaF, eutectic at 710°, 60%KF. 

K,Na lla, CO, This system may be Tb eae in terms of four binary 
systems: 
NaCl-KCl and Na,CO,-K,CO,, show unbroken ranges of solid solutions. 
NaCl-Na,CO,, a Smpte: eutectic occurs at 638°, and composition 42%NaCl. 
K,CO,-KCl, simple eutectic at 623° and 56%K ,CO,. 
The stable diagonal Na,CO,-KCl shows a simple eutectic at 588° and 385% 
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800° 860° 
Na, Cl, 638° Na,CO, 


775° 896° 


FIG. 3. THE QUATERNARY SYSTEM K,CO,-Na,CO,-KC-NaCl 


KCl. Two ternary eutectics are observed: one at 558° and composition 18% 
K,CO,,27%KCl and 55%Na,CO,, the other at 568° and composition 285%NaCl, 
29%KCl and 42°5%Na,CO, .. 

K,Na |f Br, CO,. This system shows two fields of solid solutions, NaBr-KBr, 
and Na,CO,-K,CO, with a ternary eutectic at 575° of composition 32%Na,CO,, 
32%KBr, 36%NaBr. 

The binary systems KBr-K,CO, and NaBr-Na,CO, show simple eutectics at 
617° and 613°, with compositions 50%K,CO, and 54%Na,CO,. The stable 
diagonal KBr-Na,CO, showsdintereeccion-a HO00S withthe phase boundary. 

K,Na |{ I,CO,. No ternary eutectic is observed; the binary systems K,CO,- 
Na,CO, and KI-Nal show unbroken ranges of solid solutions with minima at 
712° and 574° respectively. 

The binary system Nal-Na,CO, forms a simple eutectic at 588° and 66%Na A stop 
whereas the system K,CO,-KI forms a eutectic at 612° and 40%K ,CO,,. 

The stable diagonal K,CO,-Nal intersects the phase bounderk at 563° and 
touches it at 610°. 


For the reaction within this system:- 
2NaCl + K,CO, — 2KCl + Na,CO,, 


the heat content change in the forward direction is -7+3g.-cal.*”* 
The ternary system K,CO,-Na,CO,-BaTiO, has been investigated at tem- 
peratures up to 1200°. There are two regions of crystallization: a small 
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FIG. 4. THE QUATERNARY SYSTEM K,CO,-Na,CO,-KBr-Na Br 


region, 1*27% of the total area, where solid solutions of sodium and potassium 
carbonates crystallize out, and the remainder where the stable phase is barium 
titanate. The boundary between the two regions extends from 826 “°andapprox- 
imately 1% BaTiO,-99%Na,CO, to an invariant minimum at 700° of composition 
60%Na,CO,-40%K,CO,, rising to 873° with approximate composition 2%BaTiO,- 
pe7KCO,. 

Considering now systems in aqueous solution, that of K,CO,-KHCO,-H,O 
has been exhaustively studied. Solubility measurements in this system at 25° 
and 36° yield the results shown in Table XXI.*”’ 


TABLE XXL. - SOLUBILITY STUDIES OF THE SYSTEM 
K,CO,-KHOO,-H,O AT 25° AND 36° 


25° Isotherm 


Satd. soln. veh Original complex pata 
id phases 


- 0 
28 9 


KHCO, 


15 
20 
30 


38 
continued on the following page 
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612° Palo} 
| 896° 


FIG. 5. THE QUATERNARY SYSTEM K,CO,-Na,CO,-KI-Nal 
TABLE XXI (continued) 


3 25° Isotherm 
Satd. soln. wear Original complex silidahecaa 
YKHCO, |%K,CO, | °4° | xKHCO, | %K,CO, 


2021 51679 | 16558 15 50 KHCO, + K,CO,, 4H,O 
0 52°74 | 16555 0 - K,CO\;74,H.0 


36° Isotherm 


~ KHCO, 
25 KHCO, | 
19 KHCO, 
7 KHCO, + K,CO,, 4H,0 
0 K3C0); 40.0 


The 25° isotherm for this system is illustrated in Fig. 6. 


Investigation of this system at 42° confirms that the only solid phases are 
KHCO, and K,CO;,%H,O; no compound formation takes place. Potassium 
carbonate, free from potassium bicarbonate, can be crystallized out at this 
temperature only when the bicarbonate concentration is less than 2°5%.'7* A 
more complete investigation of this system has been carried out at 5°, 25°, 35° 
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Ke) 


K,CO, .3/2H,O 


RCO. KHCO, 


FIG. 6. THE TERNARY SYSTEM: K,CO,-KHCO,-H,O AT 25°C. 


H,O 


K,CO, 2/H,0 


~ 


KiCO-2KHEO, )*},H Oni 


K,CO, KHCO, 


FIG. 7. THE 25° ISOTHERM IN THE TERNARY SYSTEM: K,CO,-KHCO,-H,O 


and 50°; the existence is postulated of a double salt, K,CO,,2KHCO,, %H,O, 
stable in contact with the solution from -9¢2° to above 50°, but within a very 
narrow range of concentration.’”” The 25° isotherm is shown in Fig. 7; signi- 
ficant points on this diagram are as follows:- 

Point B, of composition 51°23%K,CO, and 2:64%KHCO,, defines one phase 
boundary limit of the double salt; point C defines the other limit of this salt, 
as 49+48%K,CO,, 3 33%KHCO,,. 


Refs. p. 1921 


1910 POTASSIUM 5601 


| 2 3 4 5 6 7h 8 9 


FIG. 8. THE LIMITS OF EXISTENCE OF THE DOUBLE SALT - 
K,CO,, 2HCO,,4H,O - AT VARYING TEMPERATURES 


132 136 140 144 148 152 
moles. K,CO,; >= 


FIG. Xa). A PORTION OF THE SYSTEM 
‘K,CO,-NaHCO,-Na,CO,-KHCO,-H,O AT 25°C. 


Points D and E define the limits of the mutual solubility curve, The limits of 


existence of the double salt vary with temperature, as shown in Fig. 8.*” 
In the system K,CO,-KHCO,-Na,CO,-NaHCO,-H,O a study has been made 
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3 
K,CO,.2KHCO,. 3/)H,0 


124 128 132 136 140 144 148 152 
moles K,CO, i 


FIG. 9(b). THE SAME SYSTEM AT 35°C. 


of the potassium-rich area at 25° and at 35°. Figs. 9a and 9b illustrate the 
results; the significant points are given in Table XXII.*%'*? 


TABLE XXII.- SIGNIFICANT POINTS IN THE PHASE-DIAGRAMS 


ILLUSTRATED IN FIGS. 9a AND 9b 
Wt.-%K,CO, 


25° Isotherm Sa ay 
Satd. soln. esa Point in Solid phases 
Y | Fig. 9a: 

i 

| | K,CO,,%4H,O 
K,CO, + D.S. 
D.S. + KHCO, 
D.S. + KHCO, + T.S. 
D.S. + T.S. + K,CO,,4H,0| 


35° Isotherm 


Satd. soln. 
Density 


Point in 
Fig. 9b 


Solid phases 


K,CO;,,H,0 
K,CO,,4H,O + D.S. 
D.S. + KHOO, 

D.S. + KHCO, + T.S. 
D.S. + T.S. + KNaco, 


continued on the following page 
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TABLE XXII (continued) 


35° Isotherm 
Wt.-ZK,CO Density : Solid phases 
50°07 - 4019 16571 X KNaCO, + K,CO,,%H,O 
50°37 1619 3:28 16576 Y KNaCO, + K,CO,,%4H,O + D.S. 


D.S. = double salt K,CO,, 2KHCO,, 4H,O 
T.S. = tetragene salt K,CO,,Na,CO,, 2H,O 


The system K,CO,-Na,CO,-H,O has been studied over a wide range of 
temperature. Above -6+2°, the only stable hydrate is K,CO,,4H,O, and below 
this temperature, K,CO,,6H,O. Within the range 20° to 34° a continuous series 
of ternary solid solutions is in equilibrium with liquid solutions of certain 
concentrations. These solid solutions are of the type (K,, Na,)CO,,6H,O, the 
atomic ratio K/Na varying from i+14 to 0°48, Above 25612” there exists in 
contact with solutions rich in potassium carbonate an anhydrous double salt, 
K,CO,,Na,CO,, the stability of which increases with increasing temperature. 
The 25° isotherm is shown in Fig. 10, the significant points of which are 
listed in Table XXIIL**? | 


H,O 


Na,CO, 


FIG. 10. THE TERNARY SYSTEM: K,CO,-Na,O0,-H,O AT 25° 


In the same system a transition point Na,CO,,3H,O —> Na,CO;,H,O is ob 
served at 39¢8°C,**° 

Mutual solubility curves for the ternary system sodium bicarbonate- 
potassium bicarbonate-water at atmospheric pressure and at 20°, 25° and 30° 
are shown in Fig. 11. No evidence has been found for the existence of 
hydrates, double salts or solid solutions.*** 

The systems NaHCO,-KHCO,-H,O and Na,CO,-K,CO,-H,O have been 
investigated at temperatures down to -37°, with the object of separating the 
components.**® The existence of a double salt, Na,CO,,K,CO,,24H,O,***? 
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TABLE XXIL - SIGNIFICANT POINTS IN THE PHASE DIAGRAM 
ILLUSTRATED IN FIG. 10 (25°C.) 


Wt.-% soln. Original complex int ¢ 
Density Beet ' Solid phases 
WH,0 | FNa,CO, | FS 
0 = - 


K,CO;, 4H,0 


30°0 18:0 K,CO;, 4H,O + S.S. 

59 S.S. + Na,CO,, 7H,O 

63 Na,CO,, TH,O + Na,CO,, 10H,O 
| Na,CO,, 10H,O 


S.S. = solid solution of type (Na,, K,)CO,,6H,O 


(oe) 


30-90 


oO 


bb 


g. NaHCO; / 100 g. solution 


wr 


fe) 4 8 12 16 20 24 28 30 
g. KHCO, /100 g. solution 


FIG. 11. MUTUAL SOLUBILITY CURVES FOR KHOCO, 
AND NaHCO, IN WATER AT VARYING TEMPERATURES 


could not be confirmed, The mixed carbonate system has also been studied 
at high temperatures (up to 200°), and separation by isothermal evaporation 
investigated.**® Conditions for the crystallization of Na,CO,,K,CO, from 
aqueous solutions, and its thermal stability, have been examined.**’ 

The ternary system potassium carbonate-potassium sulphate-water has 
been examined at 25°C. The solubility of potassium sulphate in g. per 100g. 
of saturated solution decreases from 10°7 in pure water to 003 in saturated 
solutions of potassium carbonate. Solid solution formation does not occur to 


any measurable extent. The full analysis of this system is expressed by Fig. 
12 and Table XXIV.*** 
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H,O 


3 
K,CO,.7/,H,O 


K,CO, KO, 


FIG. 12, THE 25° ISOTHERM IN THE TERNARY SYSTEM K,CO,-K,SO,-H,O 
TABLE XXIV. - SOLUBILITY RELATIONSHIPS IN THE SYSTEM 


K,CO,-K,S0,-H,O AT 25°C. 


Said. soln 
Density 
Wt.-%K,SO, | Wt.-%K,CO, | Wt.-%K,SO, | Wt.-%K,CO, 


K,SO, 
K,SO, + K,CO,,%4H,O 
K,CO,, 4H,0 


The mutual solubilities of potassium carbonate and potassium chloride 
have been determined within the ternary system K,CO,-KCI-H,O. The results 
at the experimental temperatures are given in Table XXV, and the separation 
of the two salts is considered in terms of their relative solubilities.** 


TABLE XXV. - MUTUAL SOLUBILITIES IN THE SYSTEM K,CO,-KCI-H,O 
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The system K,Na|| Cl,CO, ||H,O, has been investigated at 25°C. The 
composition of the saturated solution, and of the solid phase in equilibrium 
therewith, is recorded in Table XXVI.*”° 


TABLE XXVL - EQUILIBRIUM IN THE SYSTEM K,Na ||C1,©0, ||H,O AT 25°C.. 


G. per 100g. of water in satd. soln. 
Na,CO, Nacl | KCl 


Solid phases 


| Na,CO,,10H,O 
| NaCl 

| KCl 

ake CO HO 

| K,CO,,4H,O + NaKCO,,6H,O 

| Na,CO,,7H,O + NaKCO,,6H,O 
| Na,CO,,7H,O + Na,CO,,10H,O 
| NaCl + Na,CO,, 10H,O 

| NaCl + KCl 

| K,CO,,%H,O + KCl 

Na,CO,, 10H,O + NaCl + KCl | 
Na,CO,, 10H,O + Na,CO,, 7H,O + KC1| 
Na,CO,,7H,O + Na,CO,,6H,O + KCl 


113057 | 
104018 | 
30: 44 | 
18:96 | 


110668 | 


25879 
29+78 


1025 NaKCO,,6H,O + K,CO,,%H,O + KCl 
36:29 | NaKCO,,6H,O 
33°64 | NaKCO,,6H,O + KCl 


Na,CO,, 10H,O + KCl 


The results of a similar investigation of the system K,Na || SO,,CO, || H,O 
are summarized in Table XXVIL**° 


TABLE XXVIL - EQUILIBRIUM IN THE SYSTEM K,Na || SO,,CO, || H,O AT 25° 


G. per 100g. water in satd. soln. 5 
Nac, 


Solid phases 


Na,CO,, 10H,O 

Na,SO,, 10H,O 

K,SO, 

K3CO4 8.0 

K,CO,,%4H,O + KNaCO,,6H,O 

| Na,CO,, TH,O + KNaCO,,6H,O 

| Na,CO,,7H,O + Na,CO,,10H,O 

| Na,SO,, 10H,O + Na,CO,, 10H,O 

| Na,SO,, 10H,O + K,Na(SO,), 

| K,SO, + K,Na(SO,), 

Na,CO,, 10H,O + Na,SO,,10H,O + K,Na(SO,),| 

K,SO, + Na,CO,,10H,O + K,Na(SO,), 

K,SO, + Na,CO,,10H,O + Na,CO,,7H,O 

K,SO, + NaKCO,,6H,O + Na,CO,,7H,O 
K,SO, + NaKCO,,6H,O + K,CO,,%H,O 


1113057 | 
| 104: 18 | 
30°48 
18:96 | 


3°58 
1037 
18+ 50 
27°07 
103-72 | 


Solubility curves have been constructed for the system K,CO,-NaClO,- 
- water at 242° and 40°. At the former temperature, solid phases found were 
P10. NaCl@, )Na,CO,,7H.0, Na,CO,;10H,0, K,CO,,2H,O and K,CO,,Na,CO,, 
6H,O. In the course of the investigation, a new hydrate, Na,CO,,K,CO,,24H,0, 
was found, stable at -6°.'”* 
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In the system potassium carbonate-calcium hydroxide-potassium hydroxide- 
calcium carbonate-water, the reaction Ca(OH), + K,CO,; -» 2KOH + CaCO, 
takes place with a 98% yield in 92 molar potassium eabouhe solution; but 
only a 46% yield is obtained with 9°45 molar solution.*”? 

The system potassium carbonate-ammonia-water has been studied at 0°, 18° 
and 25°. Two liquid phases are obtained which, when saturated with ale 
have a critical solution temperature above 155°. The vapour pressure of the 
univariant four-phase system was investigated from 0° to 30°; it is 76cm.Hg at 
22°5°. The stable hydrate of potassium carbonate was found to be K,CO,, 2H,O; 
the system is illustrated in Fig. 13.**° 


KCo. 


H,O NH, 


FIG. 13. THE TERNARY SYSTEM: K,CO,-NH,-H,O AT 0°C. 


When anhydrous potassium carbonate is added to an aqueous solution of 
ammonia, of any concentration and below 20°, two layers form; if the heat of 
dilution is not removed by cooling, the temperature may rise above this value. 
The upper layer contains 1% of the ammonia; the lower layer contains less 
than 1% of the carbonate.*** Continued passage of ammonia through the solu- 
tion results in the separation of a solid phase, K,CO,,2H,O.*”* 

The reaction: MgCO, + KHCO, —> MgKH(CO,), has been studied. The 
maximum yield is obtained by eating the reaction mixture to 0°. The product 
crystallizes with four molecules of water of crystallization, forming the well- 
known Engel’s salt.**® 

Boyle’s observation of 1680, that a yellow solution was obtained from 
powdered sulphur and anhydrous potassium carbonate in alcohol at room tem- 
perature, has been verified. The absence of a Tyndall effect shows that the 
solution is not colloidal; on acidification, hydrogen sulphide and sulphur are 
obtained. Potassium polysulphides are present in the solution, and agitation 
with air yields potassium thiosulphate.**’ 

The distribution of a number of anions X, in the system potassium carbon- 
ate—water~ethanol~KX, has been measured. The results are given as the 
ratio of the concentration of KX in water to that in ethanol:-*” 


X= HPO). GU NO. ClO cae pra CNS’ 
Cw/Ce = 92 202 moe 201 cwils ion Qe sdiat Oe la 
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The ternary equilibrium sucrose-water-potassium carbonate has been 
investigated at 30°. The addition of potassium carbonate to the system first 
lowers, then suddenly increases, the solubility of sucrose; sodium carbonate, 
in a similar system, has a smaller effect. A marked increase in viscosity is 
observed. The stable form of potassium carbonate in this system, at 30°, is 
Ke Con Hon 

Potassium carbonate forms addition compounds with several phenyl alkyl 
ethers, of general formula K,CO,,2ROR’, which have been isolated.” 

The ternary systems potassium carbonate-water-glycol and potassium 
carbonate-water-dioxan have been studied and are illustrated in Fig. 14. 


K,CO, 


H,O Glycol or 
Dioxan 


FIG. 14. THE TERNARY SYSTEMS: K,CO,-H,O-GLYCOL, 
K,CO,-H,O-DIOXAN AT 25°C. 


Salting out of the dioxan was observed with potassium carbonate and other 
electrolytes; of thirty-one salts tried, including potassium carbonate, none 
salted out ethylene glycol.” 

In Fig. 15, the binodal curves are given for the systems potassium carbon- 
ate-water-lsopropyl alcohol and potassium carbonate-water-tert.-buty! alco- 
noi 3" 

Some chemical properties of potassium carbonate of particular interest to 
the glass industry have been investigated. On heating a mixture of potassium 
carbonate, boron trioxide and quartz, reaction commences at about 500°, well 
below the melting-point of any of the components. Below 700° no insoluble 
potassium borosilicates are formed, but they are increasingly present as the 
temperature rises to 900°. The composition of the equilibrium solid xK,O,- 
yB,0;,zSiO, changes with change of temperature.** Reactions in the binary 
Systems potassium carbonate-silica, and potassium carbonate-triplumbic 
tetroxide, have been studied at temperatures up to 1200°. The lead oxide 
decomposes at 500°-600°; potassium silicate is rapidly formed at about 800°. 
The product is not completely homogeneous below 1200°. Water-solubility 
becomes negligible at 800°, but acid-solubility decreases progressively with 
increase in temperature in the complete system K,O-PbO-SiO,.*°° 

The use of potassium carbonate in the glass industry has been reviewed, 
and appears to be limited to the production of decorative, ophthalmic and 
optical glasses.”° The substitution of other alkalis for potash in lead oxide 
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K,CO, 


FIG. 15. ‘(HE TERNARY SYSTEMS: K,CO, oH, O-iso PrOH, 
K,CO,-H,O-tert-BuOH AT 55°C: 


glasses and its effect upon their properties have been considered.”” A readily — 
fusible potassium carbonate for use in glass-making is obtained by adding a 
small amount of boric acid or borax.” 

The action of potassium carbonate on bottle-glass has been studied; both 
lead and arsenic present in the glass are slowly absorbed.””*° Standards of 
durability for glass containers have been suggested.”™ 

In gold-ruby glass, which is the most satisfactory as regards colour perma- 
nence during lamp-working, replacement of sodium carbonate by potassium 
carbonate decreases the ruby colour.*”” 


Analysis 


A flame photometric method for the determination of sodium in potassium 
carbonate has been described; if the sodium content is known approximately, 
it is sufficient to use two comparative solutions, of slightly higher and slightly 
lower sodium content than the sample. It is essential that the comparative 
solutions contain also the foreign anions of the sample solution; the accuracy © 
of this method is sufficient for industrial control purposes.”** 

An iron content of the order of 0°0004 to 0:0012% in potassium bicarbonate 
may be determined thus: 25 to 30g. of sample are dissolved in 100ml. of 
water, 3 to 8g. of tungsten oxide, WO,, 7 to 8g. of Rochelle salt, 4g. of glu- 
cose and 40mg. of copper as copper sulphate are added, and the solution 
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electrolyzed. The iron present in the copper-tungsten-iron alloy so obtained 


is determined iodometrically. The method compares favourably with the 
Holtz-Swalheim method.” 


Uses 


A study has been made of the use of potassium carbonate as an inhibitor 
of corrosion of stainless steel in electrolyte solutions;7** on the other hand, 
potassium hicarbonate is a cause of the corrosion of cast iron and steel 
vessels during the leaching of solutions in alumina production.”"® 

Potassium carbonate, or crude potash from beet ‘vinasse’, may be converted 
into fertilizer by admixture with phosphate and a source of nitrogen.7'””*® 
Potassium carbonate has also been incorporated in the synergistic weed- 
killing materials.??° 

Phase-rule studies of the system potassium carbonate-water-alcohol- 
petrol have been made, in connexion with the dehydration of alcohol.?7°?7 
The dehydration of tsoamy! alcohol by treatment with anhydrous ethy! alcohol 
and solid potassium carbonate at 20°, has been investigated.*””. The addition 
of 1 to 10% of potassium carbonate to tertiary aliphatic halides stabilizes them 
against decomposition in storage.”** The ether extracts of liver oils may 
advantageously be dried over potassium carbonate, as peroxides responsible 
for the decomposition of vitamin A are thereby destroyed.*** 

Wooden separators for use in lead-acid storage batteries may be protected 
by impregnating them with a concentrated solution of sodium and potassium 
carbonates at 55°-90°. 775 

Plastering at temperatures as low as -32° is facilitated by mixing the 
plaster with potassium carbonate solution of density 1:08: the adhesion is 
improved.?*© Treatment of the surface of plasterboard with a solution of 
potassium carbonate saponifies the rosin contained in surface fibres; aqueous 
plastering compounds may then be applied.*”’ 

The reactivity of 600°-1000° coke in producer-gas manufacture is improved 
by treatment of the coal with potassium carbonate solution: 7% of potassium 
carbonate increases reactivity six times at 700°, and at 900° the gas equili- 
brium is shifted completely to carbon monoxide.** 

The reduction of chromite at 1300° by both hydrogen and carbon is accele- 
rated by the addition of 3% of potassium carbonate.” ; 

A solution of potassium carbonate has been suggested, as an alternative 
to the usual calcium chloride-sodium chloride solution, in refrigeration.?*° 

Liquid carbon dioxide may be produced by compressing the gas into solu- 
tion in aqueous potassium carbonate; the gas is then liberated at 270°280°, 
and is passed into a condenser where it is liquefied. This process results in 
a saving of energy, and coal consumption is reduced to 0e7—09kg. per kg. of 
carbon dioxide.?* 

Carbon dioxide and hydrogen sulphide may be removed from gas mixtures 
by scrubbing with 40% potassium carbonate solution at 250° and 300lb. /sq.in. 
pressure; the used solution may be regenerated.?*? 

The addition of from 1 to 8% of potassium carbonate to dry bleaching 
powders (calcium hypochlorite + sodium tripolyphosphate) reduces consider- 
ably the loss of chlorine in storage.*** 

Among many applications of potassium carbonate as a catalyst and as a 
promoter the following may be mentioned: 

Carbon monoxide and hydrogen form isobutanol when passed over a copper 
chromite catalyst at 500° with potassium carbonate as promoter.*** The for- 
mation of imines by interaction of amines and ketones is catalyzed by potas- 
sium carbonate.*** By immersion in a 10% potassium carbonate solution and 
drying, granular Raney-type catalysts are strongly inhibited as regards 
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dehydration; dehydrogenation activity, however, remains unaltered.’* 

Carbon monoxide (8-26%) and hydrogen (68-70%) interact at 305~350°, and 
at a pressure of 20-30 atm., to form C,, and higher, hydrocarbons; witha 
catalyst composed of mill scale impregnated with potassium carbonate, a 
conversion of 85% may be obtained.**’ 

Potassium carbonate promotes the iron catalyst employed in the synthesis 
of olefines, esters and alcohols from carbon monoxide and hydrogen.*****’ It 
also acts as a promoter to the zinc oxide-cadmium oxide catalyst used in the 
dehydrogenation of piperazine to pyrazine.*** 

The addition of potassium carbonate to wood charcoal lowers to 650° the 
temperature at which a practical water-gas reaction occurs.*°** A similar 
catalyst converts a mixture of carbon monoxide and water into formic acid.?* 

Potassium carbonate catalyzes the removal of hydrogen chloride from 
chlorohydrins to form epoxides.”** Similarly, brominated fatty acid esters 
lose hydrogen bromide readily when passed over potassium carbonate at 170°.7%4 

The passage of a mixture of hydrocarbon oil and steam, at atmospheric 
pressure and at 500°750°% over potassium carbonate, gives a combustible gas 
containing mainly methane, hydrogen and carbon monoxide.** 

The vapour phase condensation of furfural and acetaldehyde is catalyzed 
by potassium carbonate, and a 25°6% yield of 2-furanacrolein is obtained.**° 

‘Polyamide’ is prepared by heating ecaprolactam in an autoclave with 
about 2% of potassium bicarbonate for 16 hours at 230°.**” 

The oxidation of carbon black by air, to give a mixture of carbon monoxide 
and carbon dioxide, is catalyzed by potassium carbonate.** The transfer of 
oxygen in this reaction has been followed using “*C.**” 


Potassium Percarbonates 


The action of fluorine on a solution of potassium carbonate gives an 
oxidizing solution assumed to contain percarbonates;*™ the only well-estab- 
lished electrolytic percarbonate is the potassium salt, K,C,O,.%°* In a 
review of the alkali percarbonates which had been reported previously two 
potassium percarbonates are recognized, and experimentally confirmed, as 
follows.*°? The percarbonate KHCO, is obtained either by saturating an 
alcoholic suspension of potassium hydrogen peroxide perhydrate (KOOH, 4H,O,) 
with carbon dioxide at a low temperature, or from hydrogen peroxide and 
potassium monomethyl carbonate, as a fine crystalline precipitate, much less 
stable than the corresponding sodium salt. This percarbonate liberates much 
iodine and oxygen from concentrated neutral potassium iodide solution. 

From potassium carbonate and hydrogen peroxide in varying proportions 
below -5° the addition of excess alcohol gave the compounds: K,CO,,2°5H,O; 
K,CO,,H,O,, 1s55H,O; and K,CO,,2H,0,,H,O. These evolved oxygen but not 
iodine from potassium iodide solution in the cold. All three compounds in 
alcohol absorbed carbon dioxide to form K,C,O, and water. This last per- 
carbonate could be dried in vacuo over phosphoric oxide and liberated both 
iodine and oxygen from potassium iodide solution. In general, the per-salts 
of weak acids such as boric, carbonic and silicic show considerable hydrolysis 
in solution. 

The passage of carbon dioxide over granulated potassium peroxide (K,O,) 
at 0° leads to the slow formation of percarbonates.*°* Conversion to K,CO, is 
almost complete after 980 hours at a flow rate not exceeding 0+2 litres/hour, 
to prevent spontaneous rise in temperature. This reacts with more carbon 
dioxide to form K,C,O,, and finally K,C,O, is formed, with the liberation of 
oxygen, after 1300 hours. At 10°K,C,O, is not formed, and at 25° the process 
consists only of the two steps: K,O, + CO, — K,CO,; + O, and K,CO, ~ 
K,CO, + %40,. 
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SECTION LVII 
-  PoTassruM NITRATE 
By D.S. and MRS, G.M. PAYNE. 
OCCURRENCE AND HISTORICAL BACKGROUND 


Potassium nitrate, commonly known as saltpetre or nitre, occurs native in 
very limited amounts in many parts of the world,’ including East and Central 
India,* the Caucasus,* Honan and other provinces of China,‘ Central Aus- 
tralia,* the north western part of Cape Colony and the Transvaal,® and Calab- 
ria.” Ir addition, appreciable amounts of potassium nitrate are present in 
caliche mined in Chile, which is primarily a source of sodium nitrate.® 

The history of saltpetre has until recently solely followed man’s interest 
in the manufacture and supply of gunpowder, production and sources suffering 
many upheavals in the course of time, as might be expected with such a stra- 
_tegically important material. Various works refer to its interesting history (see 
Mellor II, 802, and Thorpe’s Dictionary of Applied Chemistry, 3rd Edition, Vol. 
V, 400, and 4th Edition, Vol. X, 105 and a number of articles’). From time to 
time new historical facts come to light, e.g. the proposal in 1326 to erect a 
factory in Florence to manufacture the materials for gunpowder.” 


PRODUCTION, PREPARATION AND FORMATION 


The manufacture of potassium nitrate, as described in a large number of 
patents and papers, makes use of the main potash minerals as starting mater- 
ials. The methods employed are fully described in Thorpe’s Dictionary of 
Applied Chemistry (loc. cit.). 

Minerals rich in potassium chloride may be treated either with nitric acid” 
as vapour’? or in solution,**® or directly with nitrous gases“ to give the nitrate 
together with nitrosyl chloride, the latter being reconverted to nitric acid or 
nitrous gases for further use. The kinetics and mechanism of the reaction:- 


3KCl(s) + 4HNO,(g) > 3KNO,(s) + NOCI(g) + Cl,(g) + 2H,0(g) 


have been studied in detail and it is suggested that water acts as catalyst.” 
The free energy change for the reaction:- 


2NO,(g) + KCl(s) — KNO,(s) + NOCI(g) 


has been calculated to be -5-6 23kg.-cal. at 25° 

Various nitrates*’ including principally those of calcium, ammonium, so- 
dium and aluminium can be used in double decomposition reactions with aque- 
ous solutions of potassium chloride or potassium sulphate minerals, the 
efficiency of the processes being dependent on the individual phase diagrams 
for the various systems (a.v.). Many aids to the separation of potassium nit- 
rate are employed, such as lowered temperatures,'* mixed solvents,’ flotation 
techniques” and the use of liquid ammonia as a solvent.”* Separation of po- 
tassium nitrate from the reaction mixture of potassium sulphate and nitric acid 
is readily accomplished.* Methods based on a solid reaction between metal 
nitrates and potassium chloride”® are also possible, the separation of the po- 
tassium being affected by one of the techniques referred to above. 

lon exchange processes using ‘synthetic exchange resins** and a variety 
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of mineral exchangers” are particularly attractive as a means of converting the 
chloride or sulphate into the nitrate. 

The silicate potash minerals, notably leucite, are readily converted to 
potassium nitrate by the action of nitric acid.” 

Potassium nitrate, together with nitrite, is produced when oxides of nitro- 
gen, obtained directly from the Birkeland Eyde process, are passed over finely 
divided felspar.”” 

When intended primarily for use as a fertiliser, potassium nitrate is often 
produced along with soluble phosphate, for example, by the treatment of a mix- 
ture of potassium sulphate and phosphate rock with nitric acid.* 

The extraction of potassium from sea water as the nitrate can, it is said, 
be accomplished by the use of the calcium salt of methylpentanitrodipheny]- 
amine. The precipitated potassium salt treated with nitric acid yields po- 
tassium nitrate and the diphenylamine compound, which can be re-cycled.” 

Potassium tartrate obtained in wastes from the wine industry can be con- 
verted to nitrate by treatment with calcium nitrate.*° 

Direct synthesis of potassium nitrate at 900° in 53% yield occurs by the 
reaction:-** 


2N, +50, + 4KOH — 4KNO, + 2H,O 


Potassium nitrate is among the products obtained when potassium iodide 
is treated with dinitrogen tetroxide.** 

The conversion of nitrite to nitrate is effected, in aqueous solution by 
dinitrogen tetroxide,** or in the melt by oxygen in the presence of alkali,** and 
by the use of a rhenium catalyst.* 


PHYSICAL PROPERTIES 
Solid State 


2 
i) 


The structure of stable ortho-rhombic potassium nitrate, KNO, II, was de- 
termined by Zachariasen.*® Lattice constants revised by later workers are 
shown in Table I.*° 


TABLE J.- LATTICE CONSTANTS OF POTASSIUM NITRATE 


Lattice Constants of Potassium Nitrate (in A.) 


es Als ey oe wee 


Zachariasen® — 6-42 
Edwards*”’ 6°46 
Swanson and Fuyat® | 6-431 at 26°C 


The space group is aa and there are 4 ‘molecules’ in the unit cell. The 
nitrate ion being taken as planar and parallel to the c face, the closest oxy- 
gen-oxygen distance in this structure is 2-10A.°’ Crystal details are given 
in Mellor (If, 808) and the Barker Index ot Crystals Vol. ‘[, Part 2, O 309. 
The effect of dyes on the crystal habit has been discussed.*” Microscopic 
examination reveals a further crystalline form, a rhombohedral modification 
enantiomorphic with KNO, II;*° transformation to this rhombohedral form, 
KNO, I, occurs at 127-7°% The fact that after a cycle of heating and cooling 
of a single crystal the resulting pseudo-single crystal still contains many of 
the axial features of the original crystal, is taken as indicating that this 
transformation at 128° does not involve a change to a completely independent 
and random aggregate of crystals of an entirely new structure.” If a single 
crystal is heated above 195° (or at a lower temperature it a powdered sample). 
on cooling it aquires abruptly, at 123°, a mosaic character which it retains un- 
til at 113° it changes into the finely divided rhombic form, KNO, III.**9** 
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Differences in behaviour of dry and moist samples are reported and a rhom- 
bohedral high pressure form has been identified by differential thermal anal- 
ysis.** The unit cell of KNO, III contains only one ‘molecule’, and has a= 
4.365A.,a = 76°56’, at 120%, with the space group C},.‘° The X-ray powder 
pattern reported in the ASTMcard 1188 is of KNO, II.*° Powder patterns of 
KNO, III at 115° by Barth,** by Finbak and Hassel,*’ and by Kracek, 3arth and 
K sanda** do not agree amongst themselves. A powder pattern of KNO, IV re- 
corded at 5000 kg./sq. cm. shows the crystal to be orthorhombic with 18 ‘mole- 
cules’ per unit cell, having*? o, = 16-12, 6, = 10-12, c, = 7-75A. The X-ray 
powder patterns of potassium, lithium, and sodium nitrates and their mixtures 
have been reported at room temperature and above.*° 

Heat capacity measurements give the transition temperature as 126-8°C:' 
and 127-9 + 0-1°C2* the heat transition being 1218 + 5g.-cal./mole and the 
m.p. 334-3 + 0-1°C. with a heat of fusion of 2300 + 5g.-cal./mole.°? The vol- 
ume change accompanying the transformation of KNO, II to KNO, I is 0-0049nl. 
/g.°* The entropy at 298-16°K. is 31-77 + 0-10g.-cal.deg. *mole™’.°* The 
magnetic susceptibility perpendicular to the plane of the nitrate ion is greater 
than for directions in the plane.** Measurement of magnetic susceptibility at 
the transition temperature shows only a small effect arising entirely from the 
the movement of atoms and in no way from changes in electronic states.” 
Molecular rotation in crystals of potassium nitrate is complex, and data based 
on an X-ray powder diagram at 152° are available.°’ Twinning of potassium 
nitrate occurs under conditions of plastic deformation.*9°? The principal co- 
efficients of thermal expansion, from X-ray rotation photographs, for ortho- 
rhombic potassium nitrate for the temperature range 30° - 100° are 2-35 x 10~ 
along the a axis, 22:0 x 107° along the b axis, and 182-6 x 107° along the c 
axis.” The coefficient of expansion and the density in g./c.c. respectively 
are, at 18°, 21 x 107 and 2-098; at -78°, 14 x lu and 2-i4i; at -195%, 
7 x 10~ and 2-175.°* Precision measurements of the density gave .2-1128 
g./ml. at 0-0°C.and 2-1005g./ml. at 30-8°.°7 The dielectric constant is 4-5,°° 
4.55 (10° - 23°)** or 4-37 (18°).°° The electrical conductivity ot solid potass- 
ium nitrate between 240° and 320° varies with the method used for making the 
experimental bars; the temperature coefficient is, however, the same in all 
cases, thus at 240° a bar obtained by the solidification of the melt has a con- 
ductivity of 6-76 x 10~’ ohm™ cm>", whereas a bar obtained by direct pressing 
of powdered potassium nitrate has a conductivity of 7:94 x 10°’ ohm™*cm:* 
and a bar made by pressing a mixture consisting of 37% of potassium nitrate 
and 63% of sand has a conductivity of 4-24 x 10°’ ohm™*cm="; at 280° the 
values are 29-1, 33-8 and 18-2 x 107’ ohm™*cm*" respectively.°° The elec- 
trical conductivities of powdered potassium nitrate measured with an accuracy 
of + 10% at 240°, 260°, 280°, 300° and 320° are 18 x 107’, 20 x 107’, 100 x 107” 
and 230 x 10.’ ohm™*cm<=" respectively.°’* These values have been confirmed 
by later work.°” A marked rise in conductivity occurs in passing through the 
transition point at 120°.°° The heat capacity (300° - 330°) of potassium nit- 
rate shows a maximum at 319-5%°? 


Liquid State 


The melting point of potassium nitrate varies with the gas surrounding and 
adsorbed on the crystals; e.g. in helium, m.p. 333-8° in hydrogen, 333.5° 
in neon, 333-2% in argon, 332-0°% and in carbon dioxide, 331-0°C./° as com- 
pared with the normal m.p. 333-0° + 0-5.°° The melting point is remarkably 
low as compared with potassium chloride, a larger entropy of fusion being 
involved. This is explained by the formation of association complexes in the 
nitrate melts.°* The electrical conductivity has been re-measured,’*at temper- 
atures below and above the melting point; the jump of conductivity on melting 
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is 3000-fold.°* The specific conductivity in ohm™*cm=* from the m.p. up to 
410°C.is represented by the equation:-’? . 


K = 2-87 x 10° °(t = 339) + 0:-6440 ohm™ cm>* 


The potential difference required when potassium nitrate is electrolyzed at 
370°C.with hydrogen present at the electrode, varies from 0-5 to 0-6V.’* Using 
potassium nitrate at 360%380°C. as the solvent, the reduction potentials of 
Ag*, Cd?*, Pb?*, and Cr,0,?~ measured by a polarographic method were -0-03, 
-0-42, -0-25 and -0-40V respectively.’* Studies of the depression of freezing 
point of molten potassium nitrate by the addition of salts have shown the melt 
to behave as an ionised solvent, not necessarily completely dissociated, ”*97%77 
Values of the refractive index of molten potassium nitrate are given in Table 
II. 


TABLE II. REFRACTIVE INDEX OF MOLTEN POTASSIUM NITRATE 
Wavelength | ———sWagner’® | Meyer and Heck” 
| 


1. 396-1-5 x 10°*(t -— 440)* = i 
1- 525-3-12 x 107*¢ 


1-403-1-2 x 10°*(t — 440)* 
1-409-1-3 x LO (t - 440)* 
1-418-1-0 x 107 (¢ - 440)1 
1.424-1-0 x 1074 (t - 440){ 
1-431-1-1x 10°*(¢ - 440)f 


| o ak 
1-664-4-00 x 10~t 
1-556-5:75 x 10°“t, 
—4 
1538-3: 12 x 10™¢t 


* measured at 340°-550°C, 
4 measured at 320°-440°C. 
7 measured at 340°-560°C. 


The molecular retraction at 336°C.is 13-46 (A=6710A.), 13-78 (A = 0°5893A.), 
and 14-10 (A = 0:5461A.)."* Measurements at 20° intervals in the range 320° - 
440°C. suggest that the molecular refraction is almost independent of temper- 
ature.°° The viscosity at 348° is 2-76, and at 542°C.,is 1-29 centipoises.** 
Viscosity data confirm that the molten salt is completely ionised,** but there 
is evidence from a break in the plot of temperature against temperature coet- 
ficient of viscosity to suggest a structural change at 440°C." 


Binary and Ternary Systems 


Since the publication of Mellor, II, much information has been published on 
numerous systems of potassium nitrate with other compounds as indicated in 
Tables III - V. 


TABLE III. BINARY AND TERNARY SYSTEMS CONTAINING POTASSIUM NITRATE 


Reference Items of Special Note 


KNO, - LiOH (84) - 

KNO, - NaNO, (85) (86) (87) Electrical conductivity*® 
Mechanism of fusion and 
solidification of mixed 
crystals consisting of 


80% sodium nitrate and 
20% potassium nitrate.®® 
Mechanical strength of 


solidified melt.” 


KNO, - NaNO, | Electrical csonductivity’* 
KNO, - NaF 
KNO, - NaBr 


(continuea) 
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TABLE III. (continued) 


Items of Special Note 


KNO, - KOH (95) ~ 
KNO, - KCl (96) - 
KNO, - KBr (96) Electrical conductivity?’ 
KNO, - KI (98) - 
KNO, - KNO, (99) ~ 
KNO, - RbNO, (100) Electrical conductivity’ 
KNO, - Ca(NO,), (87) (102) Electrical conductivity’ 


Formation of a glass-like 
solid with 41%59% by 
weight potassium nit- 
Tate... 


KNO, - St(NO,), (105) - 
KNO, — Ba(NO,), (106) (107) - 
KNO, - BaCl, (108) - 


Viscosity’?° 


Electrical conductivity 
Mechanical strength of 
solidified melt.°° 
Density’? 

Structure by photomicro- 
photography after polish- 
ing and etching. "4 


KNO, - AgNO, (109) 


110,111 


, — Pb(NO,), (112) 


KNO, - Cd(NO,), (115) 
KNO, - Na,Cr,0, (116) 
KNO, - K,Cr,0, (116) 
KNO, - K tungstate (117) 
KNO, - TIBr (118) 
KNO, - TII (98) 
KNO, - NH,NO, (119) 
KNO, - CO(NH,), (120) 
KNO, - LiNO, - NaNO, (121) 
KNO, - LiNO, - Ca(NO,), (122) 
KNO, ~ LiNO, - Cd(NO,), (123) 
KNO, - LiNO, — TINO,. (124) 
KNO, - NaNO, - St(NO,), (105) 
KNO, - NaNO, - Ba(NO,), (107) 
KNO, - NaNO, - Pd(NO,), (125) 
KNO, - NaNO, - NH,NO, (126) 
KNO, - RbNO, - Cd(NO,), (127) 
_KNO, - NaCl - T1,S0, (128) 
KNO, - K,SO, - K,Cro, (129) 
KNO, - K,SO, - KCl (129 a) 
KNO, - Ca(NO,), - Ba(NO;), (130) 
| KNO, - Sr(NO,;), - Ba(NO,), (113) (131) 
KNO, - AgNO, - Cd(NO,), (132) 
KNO, - AgNO, - NH,NO, (133) 
KNO, - Pb(NO,), — NH,NO, (134) 
KNO, - Pb,O, - Pb(NO,), (135) 
KNO, - TINO, - KI (98) 


The solid phase KNO,,2HNO,, obtained in the binary system potassium 
Nitrate-nitric acid, is very stable in the presence of excess nitric acid, and 
can serve as a source of very pure potassium nitrate or nitric acid.’*® 
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Aqueous Systems 


Phase studies on aqueous systems containing potassium nitrate have been 
considerably extended, (cf. Mellor, II, 805, 813). In many instances the sys- 
tems relate directly to the technical separation and purification of potassium 
nitrate from aqueous solutions.**? Considerable detail is often available on 
the reciprocal aqueous systems known to be of technological interest. 


TABLE IV. RECIPROCAL AQUEOUS SYSTEMS CONTAINING POTASSIUM NITRATE 
WHICH ARE OF TECHNOLOGICAL INTEREST 


Reference 


KNO, - NH,Cl (138) 

KNO, - NaCl (139) 

KNO, - Cacl, (140) 

KNO, - Na,SO, (141) (141a) (142) 
KNO, - Na,SO, - Nacl (141a) (143) 


KNO, - MgSO, (144) (144a) (145) 
KNO, - (NH,), SO, (146) 
KNO, - Al(NO,), - FeNO,), (147) 
KNO, - Al(NO,), (148) 
KNO, - Fe(NO,), (149) 
KNO, - Fe(NO,), - HNO, (150) 
KNO, - AICI, (151) 


Previous information on the potassium nitrate-nitric acid~water system, 
(Mellor, II, 820), has been supplemented.**? The influence of nitric acid on 
the solubility of potassium nitrate ts not due to complex formation. A eutec- 
tic of composition 2-90% of boric acid, 10-75% of potassium nitrate and 86-35% 
of water occurs in the potassium nitrate-boric acid-water system; no com- 
pound formation occurs, the potassium nitrate exerting a “salting in” effect on 
the boric acid.*** Deviations from additivity of osmotic coefficients obtained 
from freezing point and conductivity data in the reciprocal salt pair, potas- 
sium nitrate-lithium chloride, are reported.'5* Knowledge of potassium nit- 
rate-sodium nitrate-water system (Mellor, II, 805) has been extended by further 
measurements at 0° :20° 40° and 60° *%° and at 99°'4? and above.’**> The ad- 
dition of 0°15% by weight of agar-agar favours dendritic growth of the eutectic 
phases, but does not change the character of the crystallization process.” 

Details of aqueous systems further to those reported in Mellor, Il, are 
listed in Table V. 


TABLE V. AQUEOUS SYSTEMS CONTAINING POTASSIUM NITRATE 


System Reference | Items of Special Note 


KNO, - KNO, (157) 

KNO?= KCI (158) = 
KNO, — K,S0O, (159) (142) | Cryscopic constant for 

(142a) eutectic. 

KNO, - KCNS (161) 

KNO, - KBr (161) 

KNO, - KCIO, (162) 

KNO, - KBro, (163) 

KNO, - K vanadate (164) 

KNO, - K,Cro, (165) 

ENO er molybdate (166) 


No double salt or mixed 
crystal observed. 


KNO, - Ca(NO,),__ (167). 


(continued) 
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TABLE V. (continued) 


KNO, - Ba(NO,), (168) Evidence for double salt 
K, Ba(NO,), 
Evidence for double salt 
K, Ba(NO,), 
Evidence for double salt 
K,(NH,)(NO,),.77° 


Mixed crystals containing 19-3% potassium nitrate are formed between 85° 
and 95° from a saturated aqueous solution containing 80 parts of ammonium 
nitrate and 20 parts of potassium nitrate by weight. These mixed crystals of 
KNO, II and NH,NO, III can also be prepared by heating the solids directly to- 
gether.‘7° The system potassium nitrate-potassium chloride-ammonium di- 
hydrogen phosphate-water has been described over the temperature range 
-11-7° to 35°77 The polytherm for the reciprocal system KNO, + (NH,) 
H,PO, = KH,PO, + NH,NO, both as aqueous and melt systems is reported.*”” 
No double salt is observed in the potassium nitrate-sodium nitrate-aluminium 
nitrate-water system.*® The system potassium nitrate-lead (II) nitrate- 
water,’°* investigated by determinations of magnetic susceptibility,'7* surface 
tension,*”* and compressibilities,’’> shows clearly the formation of three solid 
phases, KNO,,Pb(NO,),, 2KNO,,Pb(NO,),, and 4KNO,,Pb(NO,),. In the sys- 
tem potassium nitrate-uranyl nitrate-water, observed from -19-4° to 25°'”® and 
from 25° to 90°77" no double salts occur. 

The eutectic point of the potassium nitrate-water system (-2-88°C.) serves 
as a useful cryoscopic point, and various molecular and ionic weights have 
been measured using this system.*7® The cryoscopic constant varies, with 
organic compounds values 16-4-16-6 apply, and with ionic compounds with an 
ion in common with potassium nitrate, 16-4-17-7.*7° 

In view of the importance of crystallization from aqueous solution in the 
isolation of potassium nitrate, this aspect has received much attention. The 
velocity of crystal growth from a supersaturated solution increases with fall in 
temp erature, **° the values at 0° and 25° were measured and the kinetics ana- 
lysed and interpreted in terms of dehydration of ions and adsorption.*** The 
experimental data on the limiting supersaturation values can be related to the 
surface tension of the crystal.**? The high supersaturation possible with po- 
tassium nitrate solutions is due to the fact that the salt may crystallize in 
different modifications. The supersaturation, p = (c — C,)/C,, where c, = solu- 
bility and c = maximum solubility, was measured from 0° to 40°. Calculated 
values agree well with experimental values, p= 0-43(calc.); U-36(exp.)."°* The 
growth of rhombohedral crystals is promoted by the addition of 2-mole-% of 
lead (II) tons; thorium (IV) and bismuth (IIL) ions are also etfective.*** Large 
crystals can be obtained by the addition of wood or other vegetable extracts 
(e.g. pectin).*®* The tendency of potassium nitrate to crystallize in dendrites 
on slow evaporation is increased by the addition of gelatine or agar-agar.**° 
The size of the crystals formed from a supersaturated solution at high rates of 
stirring, e.g. 180 r.p.m., is independent of the rate of cooling. The best re- 
sults are obtained by adjusting the rate of stirring so that it is above that at 
which crystals agglomerate but below that at which very small crystals form.’*’ 
Crystallization of a supersaturated solution is accelerated in the vicinity of an 
electrode charged with a frequency of 750-1000 Mc./sec.**® The rate of sol- 
ution of potassium nitrate, irrespective of the crvstal form, is the same in 0-1 
and 1-ON-hydrochloric and sulphuric acids and sodium hydroxide." The ease 
of removal of thiocyanate, sulphate and nitrate ions from solid potassium nit- 


KNO, - Ba(NO,), ~ Pb(NO,), (168) 


KNO, - Mg(NO,), 
KNO, - NH,NO, 


(144) (144a) 
(169) 
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rate, crystallized in acid (pH 2-5) and in alkaline (pH 10-6) solution, follows 
the Hofmeister series.“*° By the use of the “Na isotope, sodium nitrate has 
been shown to co-precipitate with potassium nitrate in an amount proportional 
to the concentration of the latter.’ Crystals of potassium nitrate formed in 
solutions containing strontium nitrate labelled with a radioactive strontium 
isotope have the strontium largely in the periphery of the crystals; in the in- | 
terior the amount is small and uniform -and proportional to the amount of stron- 
tium in the solution.’ The strontium removed on washing with saturated 
potassium nitrate solution varies exponentially with the number of washes.**” 
Viscosity and temperature-dilation curves for supersaturated solutions show 
continuity between the saturated and supersaturated solution.*°* The vapour 


pressure of solutions saturated with potassium nitrate and with potassium nit- 

rate and ammonium chloride, are shown in Table V 

TABLE VI. VAPOUR PRESSURES OF SATURATED SOLUTIONS OF POTASSIUM 
NITRATE ALONE OR MXED WITH AMMONIUM CHLORIDE 


me, KNO, NH,Cl + KNO, 
mm./Hg mm./Hg 


I 194 


The relative humidity of air saturated by contact with saturated solutions 
of potassium nitrate from 0° to 50° is a continuous function of temperature.’ 
The solubilities of potassium nitrate at temperatures in the range 100° - 450° 
are given in Table VII.**® 
TABLE VII.- SOLUBILITY OF POTASSIUM NITRATE AT VARIOUS TEMPERATURES 


Careful measurement of the density of potassium nitrate solutions at 18° 
shows that there is a contraction on solution of 9-7 ml./mole at infinite di- 
lution.29’? Various determinations of the refractive index of solutions of potas- 
sium nitrate have been made.'®* Table VIII gives the refractive index at three 
concentrations and two temperatures.*”” ; 

An increase of pressure from 1 to 1000 bars at 25° on aqueous potassium 
nitrate containing respectively 8-16, 13-68, 20-22 and 26-53g. per 100g. water 
produces a decrease in volume per unit volume of 0-03663, 0-03482, 0-03283 
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TABLE VIIL REFRACTIVE INDEX OF AQUEOUS SOLUTIONS OF POTASSIUM 
NITRATE AT 20° AND 25° | 


Concentration in mole/1000g. water 
0:-003989 0-019979 U°0.99969 


Values of Na 
at A = G563A. 
20° 
25° 


1- 331238 
1- 330767 


1-331407 
1- 3309 28 


1.332231 
1- 331743 


Values of Nn 


at \ = 5892A. 
20° 1- 333099 1- 333268 1- 334090 
25° 1- 332578 1: 332739 1- 333555 


Values of np 
at A= 48614. 
20° 
5° 


1- 337381 
1.336913 


1-338 207 
1- 337733 


1- 337210 
1- 3367 49 


and 0-03093,%° 
The viscosity (0-1 to 0-0002M. at 25°) is given by the equation:- 


n = 1+ 00050 c% ~ .U-0531¢ 


where c is the molal concentration of potassium nitrate.”° 
centration ranges, the viscosity is less than that of water. 

The dielectric constant of aqueous potassium nitrate solutions decreases 
with increasing concentration. Activities for concentrated solutions calcul- 
ated from this series of experiments agree only qualitatively with experimental 
values.*** In water or glycerolthe dielectric constant decreases linearly as the 
concentration increases.”* A value of 15lkg.-cal./mole is taken as the best 
value of the heat of hydration of the salt at infinite dilution.7* By a study of 
the distribution of butyric acid between benzene, water and a molar solution of 
potassium nitrate, the degree of hydration per mole is found to be 4.6.7 The 
heat of solution of KNO,,350H,O at 21° (data corrected to this temperature)*”’ 
is -8-580;7° -8-37;7°° ~8-409 and -8-417;7° or -8-318kg.-cal.7** The heat of 
solution at other dilutions and temperatures has been measured.”*?. The heat 
of solution at the eutectic point is -6-5kg.-cal./mole;7* the heat of solution 
at 40-5° is -5:57kg.-cal./mole.** Differences in the crystalline form of potas- 
sium nitrate are reflected in a difference of 0-15kg.-cal./mole in the heat of 
solution.”4* The liberation of Gkg.-cal. when 1 mole of potassium nitrate is 
added to 120 moles of nitric acid indicates the formation of a nitrate ion 
heavily solvated with nitric acid molecules.” The differential heats of di- 
lution at vafious temperatures are reported.”*® The electrolytic conductance of 
solutions trom 0-00003 to 0-1M. at 25° fits the Onsager equation at limiting val- 
ues; A, = 144-92, at 0-0001M. A = 144-02, at 0-001M. A = 141-80, at 0-01M. 
A = 135-78, and at 0- IM. A = 120-36.” The data have been extended to 0°, 
18°, and 100°7!® and 18° to 85°77 The electrolytic conductance at higher 
frequencies shows no significant difference from that at lower frequencies,” 
Evidence of osmotic and activity coefficients based on freezing point data,*” 
conductivity,?74 and vapour pressure measurements,’”’ suggest that dissoci- 
ation in water is not complete. The densities and electrical conductivities 
at 25° of solutions containing 10, 25, 50, 75, and 90 mole-% of potassium nit- 
rate, together with either potassium or sodium chloride to an overall molality 
of unity, indicate that only in the case of potassium chloride can the data be 


1 Over certain con- 
201,202 
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calculated from theory with precision.*** The experimental data for these two 
systems have been extended to 0-05M. and 30°.2% The value of A, at 25° for 
aqueous potassium nitrate in the presence of 10% and 20% of sucrose is 117-65 
and 90-70, respectively.7* The conductivity of potassium nitrate solution at 
concentrations of from 0-5 to 2-5M. in the presence of urea (19% and 35%), 
mannitol (3 - 9%), or sucrose (5 — 50%), is not dependent on the viscosity of 
the solution, the formulation of dissociable non-electrolyte-electrolyte com- 
plexes is postulated.**” Potassium-nitrate is commonly used as the support- 
ing electrolyte in polarographic work and a number of papers have given data 
on the interfacial tension between mercury and potassium nitrate solutions.” 
The diffusion coefficient of potassium nitrate from conductimetric data has 
been applied to the calculation of activity coefficients.?** In saturated so- 
lution the coefficient at 18-19 is 1-171 x 107°cm.?/sec.?% At 25° in water at 
concentrations of 0-0284, 0-03033, 0-03742, 0-05010, 0-06045, 0-06995, 0-0800, 
0-0910M., the differential diffusion coefficients are 1-815, 1-807, 1-786, 1-746, 
1-672, 1-622, 1-586, 1-547 x ]07~°cm.?/sec., respectively.”*° The diffusion co- 
efficient of potassium nitrate in nitric acid is independent of concentration in 
the range 0-001 to 0-1M.7** The activity coefficients of potassium nitrate, 
measured by an isopiestic method, are 0-730, 0-656, 0-605, 0-540, 0-492, 0-439 
at 0-1, 0-2, 0-3, 0-4, 0-5, 0-G6M., respectively.7? Under a potential drop of 
10v./cm. in I hr. the electro-osmosis on paper electrophoresis was 0-029g. in 
1-26cm.7** The surface tension of aqueous solutions of potassium nitrate 
have the following values in dynes/cm. at 20° and 40° respectively:- 73-19, 
70-21, at a concentration of 5-04% by weight; 73-87, 70-89 at 9.93%; 74-51, 
71-52, at 14-22%; and in 10% aqueous acetone, 48-37, 44-99, at 4.97%; 47-73, 
44.30, at 10-04%; and 47-11, 43-70, at 15-03%. Data are also available for 
20% and 30% aqueous acetone*** and for aqueous acetic acid.*** The thermal 
expansion of aqueous potassium nitrate measured over 20° - 40°7*© and 20° - 
70°73? is reported; at 25°, but not at higher temperatures, the relation between 
the apparent expansibility and the square root of the concentration is linear. 

The creeping of potassium nitrate solutions”*® can be stopped effectively 
by the addition of aluminium ions such that the Al** concentration exceeds 
the ratio [ Al?*] /(KNO,] = 5 x 10°°. The effect is explained in terms of the 
selective adsorption of aluminium ions on the glass surface,’ or in terms of 
surface tension.™*° : 

The diamagnetic susceptibility of potassium nitrate increases only slight- 
ly on passing from the solid to aqueous solution.** Specific heat measure- 
ments have been made on solutions of potassium nitrate at 2]° at various 
concentrations up to the saturation point, and also at 41° and 86°, close to 
the saturation, point.? The specific heat of KNO,,25H,O is 0-8335 at 20°, 
0-83480 at 50°, and 0-83322 at 80°7*3 

Potassium nitrate added to gelatin solutions lowers the point at which the 
viscosity-temperature curve changes slope. Added to gelatin it has no effect 
on the coagulation by formalin, but influences the coagulation by chrome alum. 
This latter fact suggests that it may interact by blocking the end carboxyl 
groups.*** The coagulation of rosin solution by the addition of potassium nit- 
rate has been reported and discussed.*** A solution of potassium nitrate 
sprayed into an aerosol produced mutual coagulation, the velocity varying di- 
rectly with the amount and concentration of the solution.**° 

Solutions in Non-Aqueous and Mixed Solvents 

The solubility of potassium nitrate in liquid ammonia per 100g. of solution 
is 9-59 + 0-03g. at 0°, 10-56g. at 25° (p = 0-695 and 0-672g./ml.),**” 9-52 at 0° 
and under a pressure of 3107mm.*** 9-71 + 0-05g. at 0-1° (p = 0-695g./ml.), 
10-6 at 25°7*? and per 100g. of liquid ammonia 10-4g. at 25°.%° The molar 
heat of solution in liquid ammonia is ~400g.-cal.*” 
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Potassium nitrate is readily soluble in anhydrous hydrogen fluoride giving 
solutions of high conductance, e.g. A_,, for a 0-013 and 0-115M. solution are 
622 and 482, respectively. The numerical values of molar conductance are 
roughly double those in water, probably due to the formation of K*, EENOSs 
and F~ ions in the solution.*? The conductance of potassium nitrate in 
liquid hydrogen cyanide at 18° follows the expression Ag = 353-9 - 253\/c, 
A, = 353-9.7%° The solubility at 0° is 0-050mole/1.** 

The solubilities measured in water-hydrogen peroxide mixtures (0 - 100 
mole%) at 0°, 15°, and 25°, show a discontinuity in the plot of mole fraction of 
hydrogen peroxide in the solvent against molality of salt. At 25°, and 8-99 
and 19-55 mole-% of hydrogen peroxide, the solubilities are 4-710 and 5-762 
mole/1000g. of solution, res pectively.”® 


The solubility in methyl alcohol-water mixtures at 25° is given in Table 
eed 


TABLE 1X. SOLUBILITY OF POTASSIUM NITRATE IN METHYL ALCOHOL-WATER 
MIXTURES 


. . 
ae : 
Weight % es EY aay a (mole/1000g. solution) 


The heat of solution in methyl alcohol at 0-0092M. at 20° is -4-19kg.-cal./ 
mole. ‘The heat of transference from methy! alcohol to water is +4-31kg.-cal./ 
mole.*”’ The data on the solubility of potassium nitrate in aqueous solutions 
of ethyl alcohol and isopropyl alcohol (Mellor, II, 817) have been extended, 
and solubility and density isotherms drawn for the potassium nitrate-ethyl 
alcohol-water system and the potassium nitrate-itsopropyl alcohol-water sys- 
tem.7%*75° The solubilities of potassium nitrate in methyl alcohol, ethyl 
alcohol, acetone, and ether, have been tabulated. Errors are otten made in 
extraction analysis by ignoring this solubility.*° 

The molar conductance of potassium nitrate in dimethylformamide at 25°, 
at infinite dilution, is 88-1 and the dissociation constant (based on the Sched- 
lovsky equation) is 0-0 43.%* Potassium nitrate undergoes solvolysis in 
glacial acetic acid, the resulting solution being ‘alkaline’ with respect to 
acetic acid.** Data are available on the activity coefficient of potassium 
Nitrate in glacial acetic acid, based on solubility measurements of the salt 
at 25° in the presence of ammonium chloride and ammonium nitrate.”** 


CHEMICAL REACTIONS 


The action of heat on potassium nitrate, followed by differential thermal 
analysis, produces firstly a transition at 128°, corresponding to KNO, 
II — KNO, I, then melting at 332°, slight bubbling at about 628°, intensifying 
to vigorous bubbling at 642° Slight nitrous fumes, corresponding to decom- 
position of the nitrite, are clearly visible at 805°.7°* Decomposition of potas- 
sium nitrate does not begin below 550°, but when the salt is mixed with sodium 
nitrate (45-5% of potassium nitrate), and in the presence of iron or aluminium 
as catalyst, decomposition occurs about 100° lower.*°* Spectroscopic exam- 
ination of the vapour obtained by heating potassium nitrate in a sealed quartz 
tube showed the presence of nitric oxide at temperatures above 550° The 
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molecules of potassium nitrate are not ionised in the vapour state.*° The 
temperature of dissociation under 1 atm. of carbon dioxide is 532-7277 A 
patent refers to the reduction of alkali nitrate by hydrogen at about 400° to 
give nitrite.** Reaction with hydrogen in a silent electric discharge leads to 
potassium nitrite, potassium hydroxide, and ammonia.” Potassium nitrate 
can be completely reduced in cold aqueous solution by metallic iron in the ab- 
sence of oxygen.” In liquid ammonia solution, potassamide reacts with po- 
tassium nitrate, in the presence of various metal oxides acting as catalysts, 
according to the equation:- 


3KNH> + 3KNO, = 3KOR CEN SNE NO: 


Ferric oxide, cobaltic oxide, and nickelous oxide are good catalysts for 
this reaction.*”* Solutions of potassium in liquid ammonia can reduce potas- 
sium nitrate to potassium nitrite. 7’? 

Seven papers describe the effect of light on aqueous solutions of potas- 
sium nitrate to give potassium nitrite. The reaction is accelerated by the 
addition of alkali.””* The photolysis of aqueous potassium nitrate has. been 
used to calibrate the apparatus used for the study of the photochemical decom- 
position of solid potassium nitrate by light from a high pressure mercury arc. 
The approximate quantum yieldis 0-098.%* The quantum efficiency at 2540 A. 
increases with pH, up to 0-25 at pH 9-9, thereafter remaining constant.*”* 
Decomposition is initially only in the surface layers of the crystal.?” 

The effect of X-rays (0-24A.) on potassium nitrate solutions shows that 
5-58 x 10*? molecules react per Roentgen unit, or 0-2 molecules per ion pair. 
The energy involved is 1-31 x 10’ g.-cal./mole.””” The radiolysis of aqueous 
potassium. nitrate is due to the formation of hydrogen or hydroxyl radicals in 
the solution.*”? In 0-01 to 1*QM. solutions, an efficiency of 2 mole/10Ue.V. is 
obtained using °°Co as the source. The addition of glucose accelerates the 
reduction.””? Solutions of potassium nitrate can be reduced anodically in glow 
discharge electrolysis.**° 

Reaction of potassium nitrate with concentrated aqueous hydrogen fluoride 
gives K,N,O, F,.%* The action of elemental fluorine on solid potassium nit- | 
rate yields the gaseous product NO,F (see Mellor, II, Suppl. ‘I, 59). aay he 
action of sulphur trioxide on solid potassium nitrate at 20° - 30° produces a 
colourless, clear liquid, which on removal of excess sulphur trioxide gives 
white crystals consisting of K,S,O,, and N,O,,4SO,.* Complete conversion 
of potassium nitrate to potassium borate occurs at 500° on heating a mixture 
containing 8 parts of boric acid and 1 part of potassium nitrate for 10 min.** 

A large number of papers report the ‘salting in’ or ‘salting out’ effect of 
potassium nitrate on various organic compounds soluble in water.*° The sol- 
ubilities in potassium nitrate solution of the oxalates of calcium, strontium, 
barium, cadmium, copper, and lead increase as the concentration of potassium 
Nitrate is increased. The lower the solubility of the oxalates in water, the 
lower it is in potassium nitrate.*® The ‘salting out’ coefficients, (log,,S,/s)/ 
c, (where s, = cc. at N.T.P. in water, s = cc. at a total pressure of 1 atm. in 
solution, and c = concentration in moles, all in 1000g. of water) are 0-093 for 


krypton, and 0-120 for sulphur hexafluoride.”*’ 
APPLICATIONS 


Potassium nitrate has found application in qualitative analysis as an ox- 
idising agent. A method of solution involving initial fusion with potassium 
hydroxide, potassium carbonate and potassium nitrate, followed by extraction 
with water, divides the elements clearly into two groups, those yielding insol- 
uble oxides and hydroxides, and those going directly into solution.** Mixtures 
of lithium hydroxide and potassium nitrate, and of potassium hydroxide and — 
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potassium nitrate, have been used successfully to replace ammonium polysul- 
phide in the division of the sulphide precipitate into two portions.”*9 

Little further has been added to existing knowledge (Mellor, II, 825) on the 
use of potassium nitrate in “gunpowder” and related compositions. The set- 
ting of potassium nitrate on storage can be prevented by the addition of 0-05- 
0-1% of either sodium 1,4-diamino-2-anthraquinonesulphonate or 1,4,5,8-tetra- 
aminoanthraquinonedisulphonate.*° The initiation reaction of gunpowder 
Originates in hot spots formed by adiabatic compression or by the friction of 
grit particles, a temperature of 130° which is sufficient to melt the sulphur 
being reached. The occurrence of a liquid phase is important, as it reacts 
with the oxy-hydrocarbons present in the charcoal. This reaction develops 
until the oxidation of the charcoal by potassium nitrate commences. Propa- 
gation from grain to grain is probably caused by emission of a hot spray of pot- 
assium salt droplets.””* Stearic acid acts as an inhibitor in the burning of 
gunpowder, but sulphur counteracts this inhibiting effect. With other fatty 
acids the effect is less marked, but increases with chain length. This is a 
surface effect, the acid preventing reaction between the charcoal and potas- 
sium nitrate.*** A study of the reaction of mixtures of potassium nitrate and 
charcoal has shown that oxygen and nitrous oxide are absent from the gases 
produced, and potassium cyanide and potassium cyanate from the residues. 
At about 250° (below the m.p. of potassium nitrate) the main reaction is:- 


2KNO, + C — 2KNO, + CO, 
further reaction then occurs thus:-7?* 
BRNO mG ee 2k GO2 4 CO .t 2N.. 


Heterogenous pre-ignition reactions occur with combustible substances and 
potassium nitrate, e.g. with 80% potassium nitrate the minimum temperature of 
initiation with carbon black is 415°, with the evolution of 19-5kg.-cal., with 
parattin wax, 590°, with starch, 391°, and with asphalt, 485°.%* Potassium 
nitrate continues to find new applications in explosives. For example, po- 
tassium nitrate added toammonite explosives reduces the formation of nitrogen 
oxides and of carbon monoxide.”* An explosive powder with a high temper- 
ature of deflagration is described consisting of an oxidant, such as potassium 
nitrate, along with a combustible substance such as nitroguanidine or hexa- 
nitrodiphenylamine. An example of a mixture consisting of 50% of nitroguan- 
idine and 44% of potassium nitrate is quoted.”® A mixture comprising 60 
parts of potassium nitrate and 40 parts of calcium silicide acts an excellent 
primer for various reactions.”’ A fertiliser mixture consisting of 34-6% of 
ammonium chloride and 65-4% of potassium nitrate is practically non-explos- 
ive. 798 

Dilute aqueous potassium nitrate solution in the presence of formaldehyde 
or methy! alcohol under ultra-violet light, gives formhydroxamic acid, HC 
(=NOH)OH. This is also the product of irradiation of a solution of potassium 
nitrate containing carbon dioxide.”? Mixed amino acids have been identified 
in the products of the reactions of aqueous solutions containing potassium 
nitrate,and paraformaldehyde in the presence of ferric chloride as catalyst, the 
reaction occurring only under the influence of light. Potassium nitrate is re- 
duced by various species of Euglenidae.**' The addition of potassium nitrate 
to cheese results often in a patchy coloration due to the reduction to nitrite by 
nitrate-reducing bacteria.*°? Potassium nitrate used in the curing of meats is 
reduced to potassium nitrite by micro-organisms.*”* The effect of potassium 
nitrate on the redox potential ot cheese and its relation to the ripening of 
cheese is recorded.*% Various suggestions have been made to incorporate 
potassium nitrate in mixed fertilisers or to use it directly as a fertiliser. 
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Though its cost of manutacture is such that potassium nitrate probably can 
never compete with other sources of nitrogen, various papers concerning its 
use in mixed fertilisers continue to appear.*” In special cases, such as in 
horticulture or in concentrated fertilisers, potassium nitrate may find a useful 
place.*°® Fertiliser potassium nitrate has been reported as free from mangan- 
ese.°°? Phosphate suffers increased adsorption by soil and thereby a lower 
mobility in the presence of potassium nitrate in acid solution.*°® Potassium 
nitrate may lead to excessively alkaline soils if applied in large amounts.*” 
The effect of potassium nitrate on the colloidal properties of the soil have 
been described.**° The use of 2:4-dinitrophenoxyacetic acid as an insecticide 
increases the concentration of potassium nitrate in leaves. The amount may 
reach levels toxic to animals.**? 

Molten potassium nitrate is used in the heat treatment of steel, producing 
less deformation and increased surface hardness and strength.*** In the treat- 
ment of light metals, bath temperatures of the order of 500° are maintained.*** 
A mixture of potassium nitrate (1 part) and ferrosoferric oxide (8 parts) is a 
suitable composition for starting an arc in arc-welding procedures.*** Molten 
potassium nitrate and mixtures with sodium nitrate and sodium nitrite have 
been studied as high temperature heat transfer | materials.*4© Potassium nit- 
rate added to boiler water suppresses corrosion.* The setting of plaster of 
Paris is accelerated by the addition of potassium nitrate.**® The use of a 1:1 
mixture of molten sodium nitrate and potassium nitrate, as a substitute for 
Babbitt metal in securing good fitting between emery stones and rolls has 
been suggested.**? Potassium nitrate and kaolin is a good lubricant at high 
temperatures, as also are calcium nitrate, potassium nitrate and kaolin mix- 


tures.°?° 
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SECTION LVIII 
POTASSIUM PHOSPHATES 
By J.S. RAITT 


In recent years, much work has been done in the study of phosphorus 
compounds generally by J.R. Van Wazer and his co-workers. Much of this 
work concerns the orthophosphates or condensed phosphates of potassium, 
and a great deal of valuable and well documented information about these 
substances is to be found in Van Wazer’s recent book on the chemistry of 
phosphorus and its compounds.* Information bearing on potassium phos- 
phates is provided also by the work of Thilo, who has made comprehensive 
studies of condensed phosphates and the analytical methods applicable to 
them.* The preparation and uses of some condensed phosphates of potas- 
Sium are discussed by Bigeon in a review dealing with alkali metal phos- 
phates,* and the phase equilibria in aqueous solution of the various ortho- 
phosphates of potassium are fully described by Wendrow and Kobe ina 
recent review concerned with alkali metal orthophosphates.* 


TERTIARY POTASSIUM ORTHOPHOSPHATE 


Bykov® has described a method for the manufacture of tertiary potassium 
orthophosphate by first calcining at 600°C. for 20min. minerals such as 
vivianite, kertschenite, beraunite, bosphorite or synthetic precipitated iron 
phosphates. After treatment of the product with excess of potassium hydr- 
oxide, ferric hydroxide is filtered off and the solution cooled to -5°C. when 
a hydrate of tertiary potassium orthophosphate crystallises out. Concen- 
tration of the remaining solutions can yield more of the hydrated tertiary 
salt; alternatively, potassium dihydrogen phosphate may be obtained by 
the addition of orthophosphoric acid. The reaction between phosphoric acid 
and potassium chloride has also been used to prepare tertiary potassium 
phosphate by a process which employs also sufficient sulphuric acid to 
drive off the chloride as hydrogen chloride.® At high temperatures, tertiary 
potassium phosphate can be made by heating chromium ore, crude phosphate, 
coke and silica in an electric furnace.’ 

An interesting process exists for the separation of tripotassium phos- 
phate and potassium aluminate present in the same solution.* When gaseous 
ammonia is passed through the solution, two layers are formed, the lower 
containing most of the phosphate and the upper containing the aluminate. 
More complete separation may be achieved after the initial separation of the 
layers by diluting them and passing ammonia again. 

A solubility diagram given by Ravich for tertiary potassium phosphate 
in water appears in Fig. 1 and shows the existence of a trihydrate, a hepta- 
hydrate and a nonahydrate.” The nonahydrate has a stability range from 
-24°C. to -15°C., while the heptahydrate is stable above -15°C. and has a 
solubility maximum at 45-6°C. The trihydrate is stable above 45-4°C. 
Numerical values given by Ravich for the polytherm of K,PO, appear in 
Table I. Janecke has also studied this system, and reports the existence 
of an octahydrate with m.p. 45°C.*° The solubility values which he gives 
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FIG, 1.- POLYTHERM OF THE SOLUBILITY OF K,PO, IN WATER 


TABLE I,- POLYTHERM OF THE SOLUBILITY OF K,PO, IN WATER 


Ice 
Ice 
Ice 
Ice 
Ice 
Ice 
Ice 
Ice + K,PO,,9H,O 
Ice + K,PO,,7H,O 
K,PO,,7H,O 
SAR OP Arps He) 
KPO, (HO 
KPO, 7H,0 
KPO. 1H,O 
K,PO,,7H,O 
Keb O, L090 
K,PO,,7H,O 
K,PO,,7H,O 
K,BO,, 1H,0 
K,EO,, (H,0 
K,PO,,7H,O 
K,PO,,7H,O 
K,PO,, (HO: 1h, PO,, 3,0 
K,PO,,3H,O 
K,PO,,3H,O 
K,PO,,3H,O 
K,PO,,3H,O 


Metastable eutectic 


Metastable 
Metastable 
Metastable 
Metastable 


continued on following page 
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TABLE I.- CONTINUED 


K,PO,,3H,O | Metastable. 
K,PO,,3H,O 
K,PO,,3H,O 


K,PO,,9H,O | Metastable 
K,PO,,9H,O | Metastable 
K,PO,,9H,O | Metastable 
K,P0,,9H,O | Metastable 
K,PO,,9H,O | Metastable 


for this salt are very near to those of Ravich for K,PO,,7H,0, however, and 
it may be that the salt believed by Janecke to be the octahydrate was the 
heptahydrate found in Ravich’s later work. The heptahydrate can be crystal- 
lised from its saturated solutions by cooling them, but solutions of the tri- 
hydrate have to be evaporated to isolate this salt, owing to the very small 
temperature coefficient of its solubility. 

The coefficient of thermal expansion of tertiary potassium phosphate 
has been determined at 19°C., -78°C. and -195°C. and the relations extra- 
polated to absolute zero.** Over the range 17°C. to -78°C., a x 10° is given 
the value of 12. At lower temperatures, values are 8 over the range —78°C. 
to -195°C,,-and 4 from -195°G; to. -273-C, 

The heats of Solution and dilution of phan? potassium phosphate have 
been determined:** over the concentration range 0 to 4 moles per 100 moles 
of water, the integral heat of solution, Le (g.-cal./mole), is given by the 
relation:- Le = 9538 + 823-3C + 188.9C? + 13-01C® where the concentration, 
C, is expressed as moles of salt per 100 moles of water. 

Three, and possibly all four, of the oxygen atoms in tertiary potassium 
phosphate may take part in exchange with “°O when the salt is treated at 
room temperature with water enriched with this isotope.’ 

The Raman spectrum of tertiary potassium phosphate is reported by Ven- 
kateswaran and by Simon and Feher.**’* 

The dielectric constant of tertiary potassium phosphate is reported to be 
7-75,** and to show only small variations with temperature.*” 

The reactions taking place when ammonia is passed into solutions of 
tertiary potassium phosphate have been studied by Janecke, who reports 
that two layers are formed in the solution.*® Separation of hydrated tertiary 
potassium phosphate then occurs, followed by the disappearance of the 
heavier layer. Dilution with water, or heating, causes complete miscibility. 

Solutions of magnesium chloride and tertiary potassium phosphate pre- 
cipitate MgKPO,,nH,0, which changes in composition to Mge(OH),, 2MgHPO,, 
x*H,O with increasing magnesium concentration.*® To obtain complete pre- 
cipitation of magnesium as the normal phosphate, it is necessary touse upto 
double the theoretical amount of tertiary potassium phosphate. 

Tertiary potassium phosphate shows pronounced catalytic activity in the 
atmospheric oxidation of carbon black, but not when the oxidation is effected 
by potassium chlorate.”*74 When used as a promoter with an activated carbon 
catalyst in naphtha reformin ng, tertiary potassium phosphate retards cracking 
and assists dehydrogenation. 

In the treatment of feed-water to boilers operating high pressure turbines, 
tertiary potassium phosphate has been found to be very successful in reducing 
the formation of salt deposits in the turbines.** Another application is the 
selective removal of hydrogen sulphide from gas mixtures. aguas The | (salt 
has also been used to increase the fluidity of china clay suspensions.** It 
is claimed to have good properties as a fire-retardant.’ 
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SECONDARY POTASSIUM ORTHOPHOSPHATE 


Secondary potassium phosphate, K,HPO,, free from the tertiary salt, can 
be made by passing ammonia into a solution of potassium dihydrogen phos- 
phate in sufficient quantity to form triammonium phosphate. The trihydrate 
of this salt may be crystallised out and secondary potassium phosphate 
recovered from the remaining solution.”* Potassium ammonium hydrogen 
phosphate can be made by treating a phosphorite with sulphuric acid and then 
with solutions of potassium and ammonium sulphates.” 

Secondary potassium phosphate forms a trihydrate which is stable between 
14.3°C. and 48-3°C. and a hexahydrate stable from -13-5°C. to 14-3°C.%s*° 
By the evaporation of a solution of the salt in hydrogen peroxide, a com- 
pound of the composition K,HPO,, 2-5H,O, may be formed.”* 

The heats of solution and of dilution of secondary potassium phosphate 
have been determined by Khomyakov et al.'* Over the concentration range 
0 to 10moles in 100moles of water, the integral heat of solution, Le (g.-cal./ 
mole), is given by the relation:- Le = 4495 + 511-72C — 63-85C? + 2.39C*® 
where the concentration, C, is expressed as moles of salt per 100 moles of 
water. The heat of dilution is given by the expression:- dL/de = 25-50 - 
15-91C + 1-378C? for values of C ranging from 10 to 18, 

The Raman spectrum of secondary potassium phosphate is reported by 
Venkateswaran and by Simon and Feher.’*® Infra-red absorption data given 
by Corbridge and Lowe for the 650—4000 cm.” region®? are shown in Table II. 


TABLE II.- THE POSITIONS AND INTENSITIES OF INFRA-RED ABSORPTION 
BANDS OF POTASSIUM PHOSPHATES 


Absorption (wave no., cm. *) 


1285 s, vb 
1085 s, vb 
890 s, vb 


2900 m § 

2550 w 983 s 
1650 w, 6 952 m 
1328 w 847 s, b 


1110 vs, 6 


1110 vs 980 w 
oa Ssh 930 m 
1050 s, sh 890 vs, 5 
1025 s 720 m 


1208 s 874 vs, vb 
1156 s 726 m 
1130 vs, b 683 m 
1090 s 


1300 s 1015 w, b 
1266 vs 851 us, b 
1150 s 760 m 
1100 s, b 677 s 


The equation below has been given for the refractive index of solutions of 
secondary potassium phosphate:-** n%§ = 1-360C + n’}} where C = the concen- 
tration of secondary potassium phosphate in g. for 100ml. of solution and 
n'#} = the refractive index of water at 25°C. for sodium light of A = 589 mu. 

The dielectric constant of secondary potassium phosphate has been found 


to be 9-05, and at low temperatures this decreases regularly with tempera- 
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ture.*°»°* Only slight variation of the dielectric constant with temperature 
has been found at 9500Mc.*” The electrolytic oxidation of secondary potas- 
sium phosphate gives rise to the perphosphate and the monoperphosphate, 
but conditions may be chosen to give an 80% yield of perphosphate.**»*® 
Phosphate and perphosphate may be separated by means of magnesia mixture, 
which does not precipitate perphosphate.*® 

The solubility curve of secondary potassium phosphate has been deter- 
mined®»*” and is shown in Fig. 2. Numerical values for the polytherm appear 
in Table III. 


Temperature (°C.) 


0 -10 220 
Mol. % KyHPO, 


FIG. 2.--POL YTHERM OF SOLUBILITY OF K,HPO, IN WATER 
TABLE III.- POLYTHERM OF THE SOLUBILITY OF K,HPO, IN WATER 


Ice 

‘Ice 

Ice 

Ice 

Ice + K,HPO,,6H,O 

K,HPO,,6H,O 
K,HPO,,6H,O 
K,HPO,,6H,O 
K,HPO,,6H,O 


K,HPO,,6H,O + K,HPO,,3H,O 
K,HPO,,6H,O 
K,HPO,, 6H,0 Metastable curve of 
K,HPO,,6H,0 the solubility of 
K,HPO,,6H,O K,HPO,,GH,O 
K,HPO,,6H,O 
K,HPO,, 3H,0 } Metastable curve of 


KjHPO,,3H,0 the solubility of 
K,HPO,,3H,0 K,HPO,, 3H,0 
Ene Ooo 
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TABLE III.- CONTINUED 


K,HPO,,3H,O 
K,HPO,,3H,O 
K,HPO,,3H,O 
K,HPO,,3H,O 
K,HPO,,3H,O 
K,HPO,, 3H,O 
K HPO, 
K,HPO, 
K,HPO, 


it may be noted that although K,HPO,,3H,0, and K,HPO,,6H,9 can be crystal- 
lised by cooling their saturated solutions, the anhydrous salt itself, K,HPO,, 
cannot be prepared in this way because of the very small value of the temp- 
erature coefficient of its solubility. The mutual solubility of secondary 
potassium phosphate and diammonium phosphate in water has also been 
studied,*® and the results are shown in Table IV. 


TABLE IV.- THE MUTUAL SOLUBILITY OF K,HPO, AND 
(NH,),HPO, IN WATER AT 0°C. 


Composition ofliquid phase Composition ofresidue Solid phase 
Wt.-% Wt. % 
(NH,),HPO, K,HPO, H,O | (NH,),HPO, K,HPO, H,O | 


71-98, 5-60 22-42 | 


(NH,),HPO, 
(NH,),HPO, 
(NH,),HPO, 
(NH,),HPO, 
(NH,),HPO, 
(NH,),HPO, 
(NH,),HPO, 
(NH,),HPO, + K,HPO,,6H,O 
K,HPO,,GH,O 
K,HPO,,6H,O 
K,HPO,,6H,O 
K,HPO,,6H,O 
K,HPO,,6H,O 


71-35 10-43 19.22 | 
15-37 11-13 13-50 | 


7-23 55:75 37-02 
6-24 53-67 40-69 
1-91 57-64 41-45 
1-15 58-61 40-24 


Various inorganic salts, including the halides and nitrates of sodium 
and of potassium, have been reported to lower the pH of solutions of second- 
ary potassium phosphate, and to cause errors of the order of 1—2% in pH 
titrations of phosphoric acid when present in concentrations comparable with 
that of the phosphate. *” 

The thermal dehydration of secondary potassium phosphate starts near 
280°C., and a product consisting of about 50% of potassium pyrophosphate may 
be obtained by heating the salt at 325°C.*° Aimost compiete conversion to 
the pyrophosphate occurs on heating at 400°C.*° Normal potassium triphos- 
phate is formed during the heating of mixtures of primary and secondary 
potassium phosphates in molar ratios of 1:2.*° When mixtures of primary and 
secondary potassium phosphates are heated to about 250°C., a pyrophosphate 
of the composition K,HP,O, can be formed.*° On further heating to a higher 
temperature, this substance may form potassium metaphosphate and normal 
potassium triphosphate, or, if excess of secondary potassium phosphate is 
present, may react with this to form only normal potassium triphosphate.*° 
The heating of equimolecular mixtures of secondary potassium phosphate 
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and potassium bisulphate to 200°C. results in the formation of potassium 
sulphate and dehydration products of primary potassium phosphate.** 

Stepwise dehydration on heating has been reported for substances des- 
cribed as K,HPO,,KH,PO,,3H,0, K,HPO,,KH,PO,,2H,0, 3K,HPO,,KH,PO,,- 
2H,O and 2K,HPO,,KH.PO,,H,O.*? The thermal dehvdration of arsenato- 
phosphates such as K,H(P,As)O, forms only diarsenatophosphates, K,(P,As),- 
O,, when the atomic ratio of arsenic to phosphorus in the initial mixed 
crystals is near unity. When twice, or more than twice, as many arsenic 
atoms as phosphorus atoms are present, the intermediate formation of tri- 
arsenatophosphates such as K,H,(As, P),0,, can occur." 

The solubility of trisilver orthophosphate is reported to be greatly in- 
creased in solutions of secondary potassium phosphate. ** 

Secondary potassium phosphate has little application as an agricultural 
fertiliser, but it has been shown that the potassium and phosphorus in it are 
available to plants.** The fixation of phosphorus from solutions of the salt 
by iron and aluminium silicates has been found to increase linearly with the 
amount of silicate used and to be greater with the aluminium compounds.*° 

Studies of the effect of various inorganic salts on the interfacial tension 
at the water-mercury boundary showed that one of the highest values occurred 
with solutions of secondary potassium phosphate. *’ 


PRIMARY POTASSIUM OR TROPHOSPHRATE 


Large, prismatic, piezoelectric crystals of primary potassium phosphate 
may be grown from seed crystals suspended in a saturated solution to which 
potassium carbonate and potassium borate have been added.**»*® The form- 
ation of large, pure, structurally uniform crystals is favoured by the presence 
of excess of potassium, and by maintaining the pH of the solution near 5, with 
the borate. Accurate temperature control, with slow cooling at the rate of 
0-1°C. per day for 644months, gives the best crystals, but more rapid growth 
is possible in a special apparatus. *®*° 

Solutions of impure primary potassium phosphate frequently form deposits 
on standing owing to the separation of colloidal compounds of iron and 
aluminium. Purification can be achieved if a 0-2M. solution of the salt is 
allowed to stand in a sealed flask at 75—85°C. for 24hr. After filtering this 
solution, the pure salt may be recovered by recrystallisation of the residue 
obtained on evaporation, or by precipitating the salt from the cold, saturated 
solution by adding an equal volume of 95% ethyl alcohol.™ 

Primary potassium phosphate is normally manufactured by treating potas- 
sium carbonate, or bicarbonate, with phosphoric acid.** Crude phosphoric 
acid made from phosphatic material containing iron and aluminium can be 
used to yield a non-hygroscopic product by this reaction.** The utilisation of 
the potassium in minerals such as wyomingite has been studied for the manu- 
facture of primary potassium phosphate.** When finely ground, 100 Ib. of 
wyomingite readily yield 8lb. of soluble K,0 by ion exchange with sodium 
salts, under pressure at 200°C.°°* If the ion exchange is effected with 
sodium carbonate, the resulting solution need only be neutralised with phos- 
phoric acid to produce a solution of primary. potassium phosphate. If sodium 
chloride is used for the ion exchange step, primary potassium phosphate 
may be made by treating tne solution of potassium chloride with phosphoric 
and sulphuric acids at higher temperatures.** Primary potassium phosphate 
can be made by causing potassium chloride to react with phosphoric acid. 
When these two substances are heated together in equimolecular proportions 
at atmospheric pressure, a temperature high enough to cause condensation 
of the phosphate to metaphosphate is needed to remove all the chloride by 
volatilisation as hydrogen chloride. If excess of phosphoric acid is used, 
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however, complete elimination of the chloride can be achieved at much lower 
temperatures.°’ Methods for the manufacture of primary potassium phosphate 
in this way have been described and these employ about a two-fold excess 
of phosphoric acid.°*** Primary potassium phosphate is obtained by crystal- 
lisation from these solutions when they are cooled and diluted with water to 
decompose the compound, KH,PO,,H,;PO,. This technique has been devel- 
oped into a cyclic process, in which equimolecular amounts of potassium 
chloride and phosphoric acid are introduced into a solution saturated with 
primary potassium phosphate and also with the compound KH,PO,,H;PO,. 
This solution is sufficiently strongly acid to permit the volatilisation of all 
the chloride as hydrogen chloride by boiling. Additions of water are made 
during the heating and primary potassium phosphate is obtained after the 
reaction has been completed by cooling the solution. This solution is then 
used again for the first stage of the process.°*°®? In this process, the elim- 
ination of chloride takes place more readily at higher reaction temperatures. 
If a temperature of about 300°C. is used, a mixture of condensed phosphates 
is formed. These may be hydrolysed to orthophosphate by subsequently 
heating the diluted reaction solution at about 250°C., with additional phos- 
phoric acid if necessary.”””’* Potassium chloride has also been used to 
prepare primary potassium phosphate from primary ammonium phosphate by a 
similar reaction. When equimolecular proportions of ammonium phosphate 
and potassium chloride are heated together at 250°C. in a current of steam 
for Ohr., a 79% yield of primary potassium phosphate can be obtained.” 
Higher yields of mixtures of ammonium and potassium phosphates suitable 
for fertiliser purposes can be obtained in this way.”* Phosphates of potas- 
sium and ammonium may be separated from solutions containing both by 
passing sufficient ammonia to form the secondary or tertiary ammonium phos- 
phates which may be crystallised out after concentrating and cooling the 
solutions. Phosphoric acid is then added to form a solution of the primary 
salts from which primary potassium phosphate can be crystallised.’*"”* The 
preparation of primary potassium phosphate from potassium chloride without 
driving off the hydrogen chloride by heating has recently been described.”’ 
In this method, the hydrogen chloride is removed by extraction with suitable 
organic solvents which are recovered by distillation. The method is widely 
applicable to many preparations. Primary potassium phosphate can be made 
by various methods from phosphate rock and other natural phosphates. These 
methods include the formation of the potassium salt by treating with potas- 
sium chloride a solution of primary sodium phosphate made from the natural 
phosphate by attack with a mineral acid, followed by neutralisation with 
sodium carbonate.”* Crude phosphates can also be treated with a solution 
containing potassium bisulphate, potassium sulphate, hydrochloric acid and 
sulphur dioxide. Calcium sulphate is separated by filtration and primary 
potassium phosphate is recovered by crystallisation when the solution is 
cooled.’® The salt has also been made in a process involving the high- 
temperature treatment of iron phosphates. °* ; 

Primary potassium phosphate crystallises in the tetragonal scalenohedral 
class.°° The tetragonal unit cell of the lattice measures 7-42A. along the 
base-edge (a), is 6-97 A. in height and has a ratio c/a of 0-939. The space 
group is F4d2 and the unit cell contains four molecules."~** X-Ray and 
neutron diffraction studies have shown that the PO, tetrahedra are very 
nearly regular, and that they become almost exactly regular at low tempera- 
tures.*7°5 The substance contains sufficient hydrogen atoms to allow H- 
bonds to be formed between all the oxygen atoms in the crystal, and the PO, 
tetrahedra are linked together in this way to form a three-dimensional struc- 
ture. At temperatures above the Curie point, the hydrogen atom in the O-H~O 
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hydrogen bond has been shown to be elongated along the axis of the bond.” 
The hydrogen atoms are located almost midway between the oxygen atoms of 
the bond, but may occupy positions about 0-15 A. nearer to one oxygen atom 
than to foe other. ™ 86 The O-H-O bonds are inclined at not more than 05° 
to the xy-plane.** The potassium atoms are located nearly midway between 
oxygen atoms at a spacing of 2-8 A,°*»** 
When cooled below 122°K., primary potassium phosphate undergoes a 
transition to a ferroelectric modification.” The temperature at which this 
transition occurs has been determined as 121-97°K., but it is more probable 
that the change occurs continuously over a small range of temperature rather 
than discontinuously at an exact point.°*°? Mixed crystals of primary potas- 
sium phosphate with thallium ion show a higher temperature of transition.”° 
Below the transition temperature, primary potassium phosphate changes toa 
crystal hybrid, in which there is a break up of the single crystal into sub- 
crystalline regions.°”°! These subcrystalline units have only a slightly 
different structure and can fit into the original crystal lattice without great 
strain. No breakdown of the original crystal to powder takes place, and when 
the hybrid crystal is warmed above the transition. temperature the subcrystal- 
line units merge after varying periods of time into the original lattice.° 
This reversible change can be repeated indefinitely by heating and cooling 
the crystal. The subcrystalline units are oriented in a definite way with 
respect to the original crystal and the c-axis becomes electrically polarised 
below the transition temperature.*’*?»°??? The transition is similar to that 
which takes place in Rochelle salt to cause the formation of a domain struc- 
ture.°*"° X-Ray studies of crystals of primary potassium phosphate below 
122°%.. have shown splitting of the reflected X-rays from lattice planes having 
different lattice constants.°»°°° The linear dimensions of the subcrystal- 
line units have been found to lie between 10° and 10™*cm.°’ The nature of 
the transition at 122°K. is believed to be associated with the orientation of 
the hydrogen bonds in the crystal.**® A theory put forward by Slater explains 
the transition by the tendency of (H, - PO,)~ dipoles to become oriented, 
pointing along the axis of the crystal in their positions of lowest energy. 
This would give rise to a tendency for spontaneous polarisation along this 
axis, as occurs below the transition point.°”*°° This theory has been applied 
to the interaction of all the atoms in the crystal, but has been considered 
to operate only as a second-order effect if the temperature is below that at 
which free rotation of the molecules begins.*»**? It seems probable that the 
orientation of hydrogen bonds does occur, but that it does so in conjunction 
with other structural changes.°*? Below 122°K., the unit cell of primary 
potassium phosphate changes to an orthorhombic form having the space group 
Fdd.**:*” Neutron diffraction studies have shown that the arrangement of the 
hydrogen atoms in the ferroelectric modification is ordered and that the PO, 
groups are regular tetrahedra,"**:"*:"°* The hydrogen atom may occupy either 
of two positions of minimum energy along the O-H-O bond and may move from 
one position to the other on reversal of an applied electric field." The 
positions of these minima are + 0-184. from the centre of the O-H-O bond, 
which is 2-50A. in length. 103105 Tabulations of interatomic distances and 
lattice dimensions for primary potassium phosphate above and below the 
transition temperature show that the H-bond contracts markedly between room 
temperature and 126°K., and then, below the transition temperature, an ex- 
pansion occurs at 116°K.*? Various studies have been made of the deuterium 
analogue of primary potassium phosphate. The replacement of hydrogen by 
deuterium causes the temperature of the ferroelectric transition to change to 
213°K,°72°*)1°° ~=This replacement also causes expansion of the crystal at 
right angles to the c-axis, which may be caused by expansion of the H-bonds 
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on substitution.*°’ The deuterium analogue forms monoclinic crystals.*°’ 
The crystal axes have been given as:- a = 7-37 + 0-01A., 5 = 14-73 + 0-01A., 
c= 7-17 +0-01A.,8=92% The space group is C? - Poe 

The specific volume of solutions of primary potassium phosphate has 
been determined at 25°C., 50°C. and 75°C. over the concentration range 1—150 
moles per 1000 moles of water,*°* and the results appear in Table V. 


TABLE V.- THE SPECIFIC DENSITY (d) AND THE SPECIFIC VOLUME 
(v) OF SOLUTIONS OF KH,PO, 
Concentration of KH,PO, 
Mol. per Mol. per Mol. per % by 
1000mol. 1000g. Illitre of weight 
of water of water solution 


0.0552 0-7502 | 1-00235 0.99765 
0- 1376 1-8546 | 1-01005 0-9900 
0.2735 3-642 1.0227 0.97785 
0-5404 7-027 1.0470 0.9551 
1.0537 13-131 1-09275 00-9151 
1-3008 15-893 1-1142 0.8975 
1-5405 18-484 1-1349 0-8811 
2:0001 23-215 1-1737 0.8520 


0-0547 0-7502 | 0-9932 1-0068 
0- 1363 1-8546 | 1-0008 0-9992 
0-2710 3-642 1-0131  0-98705 
0-5361 7-027 1-0370 0.9643 
1-0452 13-131 1-0815 0.9246 
1.9827 23-215 1-1617 0-8608 


0-0540 0.7502 | 0-98005 1.0204 
0-1344 1.8546 | 0-9875 1-0127 | 
0- 2673 3-642 0-99965 1.00035 
0-5284 7-027 1.0233 0-97725 
1-0302 13-131 1-0676 0.9366 
1.9558 23-215 1.14735 0.8716 
21867 31-201 1-2162 08222 


A linear relation exists between the specific volume and the concentration 
of the solution when this is expressed as percentage by weight, as shown in 
Fig. 3.°°° A linear relation also exists between the specific volume and 
the heat capacity of solutions of primary potassium phosphate.*”® 

The Mendeléev characteristic temperature at which the coefficient of 
thermal expansion of a solution becomes equal to that of water has been 
found to be near 50°C. for solutions of primary potassium phosphate.*” 

Values of the heat capacity of solutions of primary potassium phosphate 
at 18°—20°C., given by Perreu, are shown in Table VI.**° An equation to 
represent the specific heats found is given as:- Cyyg_99% = (79934 + h)/ 
(15°637 + h), where h is the number of moles of H,O per mole of salt. 
Other workers have constructed isotherms for the variation of the specific 
heat of solutions of varying concentration of primary potassium phosphate 
at 25°C., 50°C. and 75°C.**! Their results appear in Table VII. The partial 
molar heat capacity of the salt was positive at all the investigated concen- 
trations of the solutions, while the partial molar heat capacity of water, 
Cp,» was lower than that of pure water CB,- The absolute value Cp, - Cp, 
increased with an increase of concentration and decreased with increasing 
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FIG, 3.- THE VARIATION OF THE SPECIFIC VOLUME OF KH,PO, 
SOLUTIONS WITH CONCENTRATION 


TABLE VI.- THE SPECIFIC HEAT CAPACITY (Cp) OF 
SOLUTIONS OF KH,PO, AT 18—20°C. 


0-00396 
0-00792 
0-01189 
0-01585 
0-01981 
0-02378 
21-5 (sat.) ° 0-02832 


Where: p = wt. in g. of KH,PO, dissolved in 100g. of water, 
h =no. of g.-mol. of total water per g.-mol. of salt. 
c = no. of g.-mol, of salt per g.-mol. of water. 


TABLE VII.- THE SPECIFIC HEAT CAPACITY (Cy) OF KH,PO, SOLUTIONS 


Max, 
error 
0-0010 


0-0011 
0-0005 


0-0011 
0-0009 
0-0009 
0.0005 
0-0007 


continued on following page 
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TABLE VII.- CONTINUED 


mol. KH,PO,_ KH,PO No. of Temperature Average 
i000mol_ H,0° H,O | measurements deviation | error 


temperature, but remained negative even at 75°C.*** Specific heats have 
also been determined for the system KH,PO,-NH,H,PO,-H,0 at 25nGe SONG, 
and 75°C., and these results are shown in Tables VIII—XIl. 112 


TABLE VII.- THE SPECIFIC HEAT CAPACITY OF SOLUTIONS IN THE 
SYSTEM I-H,PO,-NH,H,PO,-H,O AT 25°C. 


No. of Max. deviation 
measurements few eae) from mean (%) 


NNNONPRP NWNONNY NONWN OD OPNOT KE ORR KP WANND 
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TABLE VIII.- CONTINUED 


No. of Cy Max. deviation 
measurements | (mean value) | from mean (%) 


ay = number of mol. KH,PO, per 1000 mol. H,O 
OnH, = number of mol. NH, in, PO, per 1000 mol. H, O 


TABLE IX.- THE SPECIFIC HEAT CAPACITY OF SOLUTIONS IN THE 
SYSTEM KH,PO,-NH,H,PO,-H,O AT 50°C. 


: 
4 
3 
6 
4 
2 
2 
2 
2 
3 
6 
2 
2 
2 
2 
2 
2 
2 
2 
ps 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 


ay = number of mol. KH,PO, per 1000mol. H,O 
dy ~ number of mol. NH,H,PO, per 1000 mol. H,O 
4 
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TABLE X.- THE SPECIFIC HEAT CAPACITY OF SOLUTIONS IN THE 
SYSTEM KH,PO,-NH ee THO ATenC, 


ONE, No. of Max. deviation 
measurements ye alias from mean (%) 


0-8878 
0-9028 
0-9172 


0-8126 
0-8354 
0-8587 


0-7824 


= number of mol. KH,PO, per 1000 mol. H,O 
Qnyz = number of mol. NH,H,PO, per 1000 mol. H,0 
4 


TABLE XI.- THE SPECIFIC HEAT CAPACITY OF, AND TOTAL SALTS IN, 
SATURATED SOLUTIONS IN THE SYSTEM KH,PO,-NH,H,PO,-H,O AT 25°C. 


Ay = number of mol. KH,PO, per 1000 mol. H,O 
ann, = number of mol. NH,H,PO, per 1000 mol. H,O 


TABLE XIi.- THE SPECIFIC HEAT CAPACITY OF, AND TOTAL SALTS IN, 
SATURATED SOLUTIONS IN THE SYSTEM KH,PO,-NH,H,PO,-H,O AT 50°C. 


continued on following page 
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TABLE XII.- CONTINUED 


Amount of the salts 
Vv 
aa 


ay = number of mol. KH,PO, per 1000 mol. H,O 
Any = numver of mol. NH,H,PO, per 1000 mol. H,O 


4 
The integral heat of solution, Le (g.-cal./mole), of primary potassium 


phosphate is given by the relation: Le = -4697 + 184.3C - 12-30C? where 
the concentration, C, is expressed as moles of the salt per 100 moles of 
water,'™'#° 

The chemical potential of water in aqueous solutions of primary and 
secondary potassium phosphates has been determined and discussed in terms 
of modern solution theory.*** 

The true melting point of primary potassium phosphate is difficult to 
determine owing to evolution of water vapour and condensation of the phos- 
phate groups to polyphosphate species as the temperature approaches the 
melting point. Fusion of the salt has, however, been found to start at 
252-6°C. and to be complete at 254-3°C,'!5 

Primary potassium phosphate has a normal heat capacity of near 28 g.- 
cal./degree/mole at ordinary temperatures, but displays a pronounced electro- 
calorific effect at the upper Curie point of 122°%..'°%,**°"199 At this temperature 
a sharp maximum occurs, rising to a value of 160g.-cal./degree/mole.****?* 
Apart from this peak at 122°K., the heat capacity varies linearly from 7 g.- 
cal./degree/mole to 18-5g.-cal./degree/mole over the temperature range 
40°. to 130°%.'7° At 122°%., the spontaneous polarization, P,, of primary 
potassium phosphate decreases rapidly to zero, and calculations of heat 
Capacity changes in this range, using the P,~remperature behaviour, agree 
well with experimental values.*** The heat of transition and entropy change 
associated with the anomalous portion of the heat capacity curve have been 
found to be 87 + 6g.-cal./mole and 0-74 + 0-06 g.-cal./degree/mole, res- 
pectively.""® This agrees well with the theoretical entropy change calculated 
on the assumption that the H-bonds in the crystal cause the transition.’’’ 

The modulus of elasticity of primary potassium phosphate has been deter- 
mined by a technique in which the resonance frequencies of crystals 3 x 5-5 
cm. in size were measured.'7* At 20°C., the elasticity constants were found 
to be; S,, = S,, = 1-9, S,, = 2:2. Anomalies were found near the upper Curie 
temperature when the electrodes were in direct contact with the crystals, but 
not when an air space existed. Elasticity constants have also been deter- 
mined for these crystals by an optical method down to -195°C.'** These 
studies showed that two of the constants, C,, and C,,, decreased near the 
Curie point to about one sixth of their original values. The elasticity con- 
stants of the deuterium analogue have been determined over the temperature 
range -50°C. to 30°C. by a diffraction technique.*** 

The refractive index of solutions of primary potassium phosphate at 25°C., 
and for light of wave-length 589mu, may be found from the equation:- n= 
AC + n’f} where A is a constant equal to 1-056 x 107°, C is the concentration 


of the solution expressed as g. salt in 100ml. of solution and n’} is the 
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refractive index of the water used to prepare the solution, measured at a 
wave-length of 589 mu.*° 

The electro-optical Kerr effect in primary potassium phosphate has been 
studied over a range of temperatures. A discontinuous decrease in the 
double refraction occurs at the upper Curie point.’?* Similar effects occur 
with the deuterium analogue of primary potassium phosphate at its transition 
temperature of 213°K.*”® Above this temperature, the electro-optical double 
refraction of the substance is proportional to the strength of the electric 
field,*?° 

The Raman spectrum of primary potassium phosphate has been studied 
using the 4358 A. line of mercury.’*»*””»'7® Ten Raman lines are assigned to 
internal vibrations of H,PO,, two to rotatory oscillations of H,PO, groups, 
and three to a translatory type of external oscillation, in a spectrum excited 
by the 2537 A. mercury line incident upon a large crystal of primary potassium 
phosphate.’”? The infra-red absorption spectrum of primary potassium phos- 
phate has been determined in the 650—4000 cm.” region. *? 

Primary potassium phosphate displays the piezo-electric effect.’*° The 
piezo-electric modulus d,, varies with temperature and has been determined 
over the range 100—300°%.***"*** At room temperature, a value of 5—G x 10°’ 
e.s.u. per dyne has been found, while at the Curie point of 123°K. the value 
rises to sbout 6 x 10™e.s.u. per dyne.***)'**)**° 

A value of 31 has been reported for the dielectric constant of primary 
potassium phosphate at room temperature, and this high value is attributed 
to the dipole character of the molecule in the crystal.*® Several studies 
have been made of the variation of the dielectric constant with temperature. 
Lower values have been found for the dielectric constant of a clamped rather 
than a free crystal, and both increase as the temperature is lowered. This 
increase is shown, for a clamped crystal, in Table XIII.*** 


TABLE XIII,- THE DIELECTRIC CONSTANT OF CLAMPED 
CRYSTALS OF KH,PO, 


Measurements of the dielectric constant at 1 kc. for a free crystal and at 10 
Mc. for a clamped crystal, have shown that plots of temperature against the 
reciprocal of the dielectric constant are linear for both cases. This is 
shown in Fig. 4.'*° With the free crystal, the temperature intercept occurs 
at the Curie temperature, and it is about 4° lower for the clamped crystal. 
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FIG, 4.- THE DIELECTRIC CONSTANT OF CRYSTAL PLATES OF KH,PO, 
aa DIELECTRIC CONSTANT OF FREE CRYSTALS 
€ , = DIELECTRIC CONSTANT OF CLAMPED CRYSTALS 


The dielectric constant normally given for primary potassium phosphate is 
that measured along the direction of the c-axis of the crystal. The dielectric 
constant measured in the direction of the a-axis displays less variation with 
temperature, as may be seen from Fig. 5.*** As the temperature is lowered, 
one maximum value of the dielectric constant is found at the Curie tempera- 
ture.?7»37-139 Values of the effective dielectric constant of 32,000 have been 
found at this temperature.***»**°"'*? A typical graph showing this behaviour 
appears in Fig. 6.4 The dielectric constant drops rapidly below 70°K. and 
below 50°K. it has the same value as at room temperature.’*°)*** The trans- 
ition point may be determined from the variation of the dielectric constant 
with temperature.** The changes in the dielectric properties of primary 
potassium phosphate and the polarisation of the substance around the Curie 
temperature may be due to the displacement of H* ions in the crystal .°*»1*5-*** 
Equations have been derived to relate the polarisation of the substance to 
various thermodynamic properties.'*® Small crystals do not display spont- 
aneous polarisation at low temperatures if their size is below a critical 
diameter of about 1500A,.*>*** This effect is related to the dielectric prop- 
erties of the medium surrounding the crystals, and if this is a conductor, 
particles as small as 500 A. show normal spontaneous polarisation.*** In the 
presence of an electric field, the dielectric polarisation of primary potassium 
phosphate does not vary linearly with field strength, but displays a saturation 
and hysteresis effect.'*»*°*"*°* The dielectric loss of primary potassium 
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FIG, 5.- THE DIELECTRIC CONSTANTS OF KH,PO, MEASURED AT 800 CYCLES/ 
SECOND WITH FIELD INTENSITY OF 200 VOLTS/CM. 


€, = THE DIELECTRIC CONSTANT IN THE DIRECTION OF THE c-CRYSTAL AXIS, 
ae THE DIELECTRIC CONSTANT IN THE DIRECTION OF THE a-CRYSTAL AXIS, 


103 


20 50 80 110 140 
Temperature (°K.) 
FIG. 6.- THE VARIATION WITH TEMPERATURE OF THE DIELECTRIC CON- 
STANT OF KH,PO, NEAR THE CURIE POINT, MEASURED AT 50 CYCLES/ 
SECOND WITH FIELD INTENSITY OF 2,400 VOLTS/CM. 


Refs. p. 1982 


1970 POTASSIUM 581 


phosphate occurs suddenly at the Curie temperature and, with further lowering 
of temperature, it reaches a maximum at the point where the dielectric con- 
stant decreases.*** The dielectric loss is increased at low frequencies by 
grinding the substance.*** The electrical conductivity of primary potassium 
phosphate is first increased by grinding the substance, but later falls slightly, 


as shown in Fig. oe 


° 


So 


Conductance (10. ohm! ) 


0:01 
400 800 1200 1600 
_ Time (seconds) . 
FIG, 7.- EFFECT OF GRINDING ON THE CONDUCTANCE OF KH,PO, AT 


16KC./S, (0022 x 10° OHM” BEFORE GRINDING). 


The effect of highly conducting regions at the crystal surfaces, due to ad- 
sorbed layers of water, is believed to contribute largely to the electrical con- 
ductivity of the substance. It is suggestedthat when the crystals are ground, 
water held within them, possibly in small cracks, is released and distributes 
itself over the newly formed surfaces with a resultant increase of electrical 
conductivity. Evaporation of some of this water then causes the slight 
decrease of conductivity.*** The electrical conductivity of the salt at room 
temperature has been measured in the pressure range 1400—21,000kg./sq.cm. 
with the result shown in Fig. 8.**” 
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FIG. 8.- VARIATION OF THE LOGARITHM OF THE SPECIFIC CONDUCTIVITY 
OF THREE SPECIMENS OF KH,PO, WITH APPLIED PRESSURE. 
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Primary potassium phosphate does not form hydrates, but an unstable 
compound of the composition KH,PO,,H,O, or KH,PO,,1-25H,O, has been 
prepared by the evaporation at room temperature of solutions of the salt in 
hydrogen peroxide solutions.*’?*** Various determinations of the solubility 
of the salt in water have been made.**»**°"1®? The general solubility equation 
for the salt has been given as a = 12-79 + 0-250¢ + 0-00182z? — 0-00000616¢', 
where a is the number of grams of salt dissolving in 100g. of solution at 
t°C.*** In Table XIV are shown values calculated from this equation for 
the solubility at various temperatures of primary potassium phosphate, to- 
gether with experimentally determined values.*® 


TABLE XIV.- THE SOLUBILITY OF KH,PO, IN WATER 


Temperature | g. KH,PO, per 100g. solution 
(e) 
oe 


Calculated 


In solutions of phosphoric acid, KH,PO,,H,;PO, is formed, which is more 
soluble than primary potassium phosphate itself.’°%»*®° This may be seen 
from the phase diagram in Fig. 9, which appeared in a recent review on alkali 
orthophosphates,* and which is based mainly on the work of Berg and Rav- 
ich.'®°” Studies of the system KH,PO,-NH,H,PO,-H,O over the temperature 
range —4-45°C. to 40°C. have shown that these two salts form a continuous 
series of solid solutions.*** No compounds between urea and primary potas- 
sium phosphate have been observed in studies of solutions of these sub- 
stances in the range -12-9°C. to +35°C.*** A triple eutectic is formed at 
-3-3°C. with boric acid, having the composition 11-7% KH,PO, + 2-6% H;BO, 
+85-7% H,0.*%*8 No solid solutions or double salts were found in studies 
of solutions of primary potassium phosphate and potassium sulphate.*®’ 
Double Reape as of calcium and potassium are found in the system Catt - 
Kt - H* - PO," - H,0.*®° The solubility of primary potassium phosphate 
is only slightly altered by saturating the solution with potassium chloride.'” 

Various studies have been made of the course of the thermal dehydration 
of primary potassium phosphate. Although early reports stated that the acid 
pyrophosphate and trimetaphosphate could be made by heating primary potas- 
sium phosphate, this has not been confirmed by later work.*°’7*** Complete 
dehydration to potassium metaphosphate occurs when primary potassium phos- 
phate is heated for 6—7hr. at 245°C.*° The rate of dehydration of the ortho- 


Refs. p. 1982 


1972 POTASSIUM 5801 


K/P=3:1 
KOH:H,0 J 


KOH-2H,0 y 
~ K,P0,°3H,0 is K,HPO, vA 


3K ,HPO,-KH2PO,4°2H,O 


KH,POs2K,HPO,H,0 | ~ 


jee 


Weight per cent K,O 


K H; ( PO,) A 


2H3;PO,4°H,0 


0 10 20 30 40 50 60 70 80 
Weight per cent P,O, 


FIG. 9,- THE SYSTEM K,O-P,0,-H,O AT 0°C., 25°C. AND 50°C. 


phosphate becomes appreciable at 208°C. and rapid at 258°C.*° There is 
some disagreement about the nature of the substances formed during the 
thermal dehydration of primary potassium phosphate. Some reports state 
that acid pyrophosphates and triphosphate are formed at various temperatures 
together with double salts of the orthophosphate and pyrophosphate.*®*” 
Other workers claim, however, that no pyrophosphate is formed as an inter-. 
mediate in the dehydration and that only potassium metaphosphate can be 
made in this way.*°*’%?7> It may be concluded that only insoluble potassium 
metaphosphate can be prepared easily by the thermal dehydration ‘of primary 
potassium phosphate. In preparing this substance, it is desirable to heat 
the product to 500°C. for about 30min. to ensure complete dehydration. Mix- 
tures of condensed phosphates of varying complexity can be formed, however, 
by heating primary potassium phosphate at temperatures of 200°C. ~300°C, for 
periods of time sufficient to cause only partial dehydration. There is evi- 
dence that some potassium acid pyrophosphate, K,H,P,0,, may be formed in 
this way.'’° This substance cannot be made in good yield by this technique, 
however, because its dissociation pressure at these temperatures is very 
nearly the same as that of primary potassium phosphate, as may be seen from 
Tables XV and XVI.*%* This is an important difference from the sodium 
system, in which the acid pyrophosphate may readily be prepared by thermal 
dehydration of primary sodium phosphate. The rate of dehydration of primary 
potassium phosphate is increased considerably by a reduction of pressure.*”*»*”° 
Thus, potassium metaphosphate can be made by heating primary potassium 
phosphate for several hours at 220°C. in a vacuum, whereas a temperature 
near 370°C. is required for rapid formation of the metaphosphate at atmospher- 
ic pressure. he 

Primary potassium phosphate reacts with the secondary salt when intimate 
mixtures of the two are heated. Two reactions have been said to occur:-* 


K,HPO, + KH,PO, — K,HP,O, + H,O 
and K,HP,0O, + K,HPO, — K,P;0,, + H,O 
The first reaction occurred at 245°C., and the second at 325°C. In the 
absence of an excess of the secondary salt, a third reaction could take place 


at higher temperatures:-* 
2K,HP,O, — KPO, + K,P,.0,, +420 
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TABLE XV.- THE EQUILIBRIUM PRESSURE OF THE SYSTEM 
WKH P07, =) XK PO). + HO 


Temperature | Average pressure Number of 
eC; (mm. Hg) measurements 


WWHONMNNRFWrRWN PRK UO ee 


TABLE XVI.- THE EQUILIBRIUM PRESSURE OF THE SYSTEM 
x KH,PO, = (KPO3;), + x H,O 


Temperature | Average pressure 
eer (mm. Hg) 


The applications of primary potassium phosphate include its use in agri- 
cultural fertilisers, where its lack of hygroscopicity is of value.”*,*7°"*” 
The substance has also been used as a constituent of catalysts for the 
hydrogenation of carbon monoxide.*’?**° The piezo-eiectric properties of 
crystals of primary potassium phosphate make it useful for the construction 
of crystal filters and frequency stabilizers in electronic circuits,°°»1%'»*®? 
Solutions for use as pH standards are prepared using mixtures of primary 
potassium phosphate and secondary sodium or potassium phosphate.***"*°° 

A 1-0M. solution of primary potassium phosphate can react with kaolinite 
at 90°C. to form a compound of the composition KOH(Al),(PO,),, 1-7H,0.**° 
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POTASSIUM PYROPHOSPHATES 


Normal potassium pyrophosphate, K,P,0,, can be prepared by the thermal 
dehydration of secondary potassium phosphate. Studies of this dehydration 
have shown that it proceeds in two steps, the first starting at 282°C., and 
the second around 400°C.*° A period of several hours heating at 700°—800°C. 
is desirable in the preparation of the normal pyrophosphate by this method. 
Both normal potassium pyrophosphate and the acid salt, K,H,P,0,, can be 
prepared by causing a cold solution of potassium hydroxide to react with 
crystallised pyrophosphoric acid. 

Potassium pyrophosphates can be made by heating mixtures of a phos- 
phorite and potassium carbonate to temperatures near 1000°C.**’ A method 
has also been described for making the normal pyrophosphate by heating 
potassium chloride with primary potassium phosphate or potassium ammonium 
phosphate.*** 

Potassium acid pyrophosphate forms a hemihydrate, K,H,P,O0,,0-5H,O, 
which is monoclinic, with space group C2/c.**° There are eight molecules 
in the unit cell, which has the dimensions a = 17-92A., b = 7-014A., c = 14-27 
AYO = 20e er 

The infra-red absorption spectrum of normal potassium pyrophosphate in 
the 650—4000cm.~* region is shown in Table II.** The refractive index of 
solutions of normal potassium pyrophosphate at 25°C., and for light of wave- 
length 589 mu may be found from the equation:- 


ny = 1-376C + n’/B 
425 


where C = no. of g. of the salt in 100ml. of solution and n’}5 is the refractive 
index of water at 25°C. and 589 mu.** 

The dissociation pressure of potassium acid pyrophosphate has been 
determined over the temperature range 165°—260°C. and values are given in 
Table XV.‘ The salt rapidly loses its water of constitution at 250°C. 
and is quickly transformed into potassium metaphosphate at higher tempera- 
tures.*” 

Studies have been made of various binary systems involving normal potas- 
sium pyrophosphate. A eutectic is formed with potassium tungstate having 
a melting point of 836°C. and a composition of 34-5% normal potassium pyro- 
phosphate.*®® An unstable system is formed with barium titanate and displays 
a minimum melting point of 992°C, at a composition of 11 mole-% of the barium 
salt.*°151°? With lead titanate, a minimum melting point of 962°C. occurs at 
the composition 12-5 mole-% of the lead salt.’°* With potassium fluoride, 
normal potassium pyrophosphate forms a eutectic at 712°C. and a compound 
3KF,K,P,0,, m.p. 812°C.*** Normal potassium triphosphate is the stable 
crystalline phase in contact with liquid in the system with potassium meta- 
phosphate, over the composition range from 0-375mole fraction P,0O, up to 
the eutectic between the metaphosphate and normal potassium pyrophosphate, 
(see Fig. 10).'°* A continuous series of solid solutions is formed by the 
normal pyrophosphates of sodium and potassium.*®* Studies of the binary 
systems formed from normal potassium pyrophosphate and potassium sulphate, 
potassium chromate, potassium molybdate ana potassium tungstate showed no 
evidence of complex formation and gave only simple eutectics.*” 

Normal silver pyrophosphate has an appreciable solubility in solutions of 
normal potassium pyrophosphate, and the solubility increases with increasing 
concentration of the potassium salt.*”’ 

One of the most extensive applications of normal potassium pyrophosphate 
is as a constituent of both solid and liquid detergents.***°*" The potassium 
and phosphorus in the salt are readily available to plants, but the salt has 
little application as a fertiliser.*°* It has been used as a constituent of 
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FIG. 10.- THE PHASE EQUILIBRIUM DIAGRAM OF THE 
BINARY SYSTEM K,P,0,-KPO, 


various oxidation-reduction systems in high polymer syntheses??? and in 


activators and catalysts for making synthetic rubber.7°7° The substance 
is also used in preparing dispersions of certain dyes, prior to spray-drying 
to form finely divided powders.*”” 


POTASSIUM METAPHOSPHATES AND POLYPHOSPHATES 


Insoluble potassium metaphosphate, sometimes called potassium Kurrol 
salt, may be prepared by thermal dehydration of primary potassium phos- 
phate.*°*»* Various temperatures and times of heating have been used, up 
to 30minutes’ heating at 900°C.**° At temperatures above 500°C., periods 
of 30min. heating are sufficient to cause complete dehydration of the ortho- 
phosphate.*® Starting from sodium Maddrell salt, a water-soluble, uniformly 
polymeric potassium metaphosphate has been made by treating the sodium 
salt with the hydrogen form of an ion-exchange resin in aqueous suspension. 
The resulting solution of the free acid is then treated with potassium hydr- 
oxide and alcohol to precipitate potassium metapnosphate,”™ 

Normal potassium triphosphate meits incongruentiy at 641-5°C. to form 
pyrophosphate and liquid, as may be seen from the phase diagram in Fig. 
10.*°* The salt can be made similarly to the normal sodium triphosphate by 
heating a mixture of the primary and secondary orthophosphates in proportions 
to give the correct alkali to phosphorus ratio. The mono- and dihydrates of 
the acid triphosphate K,H,P,0,, have been prepared by treating a cold, satur- 
ated solution of the normal salt with glacial acetic acid followed by the 
addition of alcohol.”"” 

Insoluble potassium metaphosphate can be made on a laboratory or larger 
scale by reaction between phosphoric acid and potassium chloride.°’»7**»7" 
This reaction has been studied by various workers, and it has been shown 
that potassium metaphosphate can be formed at temperatures above 300°C.”**: 
216 Reaction temperatures in the region of 700°—900°C. have been employed 
in some cases in order to ensure complete elimination of chlorine as hydrogen 
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chloride.***»*** Chloride-free products can be obtained at much lower reaction 
temperatures, however, if an excess of phosphoric acid is used. In general, 
it has been found that chloride elimination can be achieved at moderate 
reaction temperatures with an excess of acid present, but if equimolecular 
proportions of the reactants are used, very high temperatures, with fusion of 
the reaction mass, are needed to eliminate all the chloride from the system. 
This can depend to a large extent upon the technique used, and complete 
reaction of the chloride can be achieved using equimolecular proportions of 
the reactants if they are applied to a moving bed of particles of the product 
heated to a temperature around 500°C.**”. The reaction has also been carried 
out by treating finely divided potassium chloride with concentrated phosphoric 
acid in a vacuum at temperatures up to 250°C.”** Mixed phosphates of sodium 
and potassium have been prepared in water-soluble form by heating together 
potassium chloride, sodium chloride and phosphoric acid.”**)?*° A process 
for preparing potassium metaphosphate from potassium chloride and primary 
ammonium phosphate involves heating a mixture of these powders progress- 
ively to 575°C. during 2—3hr.?**, Potassium metaphosphate has also been 
made by reaction between potassium polysilicates and calcium phosphates.?”* 

The unit cell of the insoluble, polymeric, potassium metaphosphate, 
(KPO,)n, is'monoclinic.and has the dimensions a = 14-02A., b = 4.54 A., c 
= 10-28A. and B = 78—79%709238 The space group has been givenmost 
recently as P2,/a,?** although other space groups which have been suggested 
are Cj, — P2,/c, Cj, - P2/c and C3 - P,.*” The microcrystalline structure 
of insoluble potassium metaphosphate has been described, together with the 
microscopic characteristics of several condensed phosphates of sodium.” 
The density of insoluble, polymeric potassium metaphosphate has been deter- 
mined as 2-43 g./c.c.7 

The solubility of pure, polymeric potassium metaphosphate in water alone 
is very low, and has been reported as less than 0-004g. per 100 ml. at 25°C.”** 
Its solubility is greatly increased in dilute solutions of various metallic 
cations other than potassium ions, which depress its solubility. Particularly 
effective in causing increased solubility of potassium metaphosphate are the 
cations of the alkali and alkaline earth metals, and ammonium.?**-?7® The 
effects of a few of these salts are shown in Figs. 11 and 12.7% Polymeric 
potassium metaphosphate can be dissolved completely in dilute salt solutions 
of this sort, and in the case of dissolution by dilute solutions of sodium salts, 
quantities up to 3-5 equivalents of sodium ion have been found to be required 
to dissolve one equivalent of potassium metaphosphate.77*»?79,7°° In the case 
of potassium metaphosphate made by the thermal dehydration of analytical 
grade primary potassium phosphate at 500°C., 2-5 to 3-0 equivalents of sodium 
ion are needed, and it is probable that differing reports of the quantity of 
sodium required result from the use of samples of potassium metaphosphate 
of varying” degrees of polymerisation. The mechanism by which polymeric 
potassium metaphosphate is dissolved by dilute salt solutions has not been 
fully elucidated, but it is probable that a process of ion exchange is involved, 
and that colloidal, rather than normal electrolytic, solutions are formed.*?’»?” 
The most extensive studies of the phenomenon of the dissolution of water- 
insoluble polymeric metaphosphates by dilute salt solutions have been:made 
using metaphosphates. of sodium, and extensive discussions of this subject 
are to be found in publications dealing with these substances.’ 

A water-solubie form of polymeric potassium metaphosphate can be made 
by stirring the insoluble compound in water with a cation exchange resin in 
its hydrogen form, and then treating the solution with potassium hydroxide 
after separating the resin.*** ‘Lhe solution of potassium metaphosphate thus 
prepared should be free from foreign ions. Water-soluble forms of polymeric 
potassium metaphosphate can also be made by dissolving the insoluble 
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Phosphorus in solution, mol /litre 


20 40 
Time in days 


FIG, 11.- THE EFFECT OF SODIUM COMPOUNDS ON THE SOLUBILITY AND 
REVERSION OF 1-1812g. QUANTITIES OF KPO, IN 500ML. 
OF SOLUTION (0-020 MOL./LITRE) 

1 — NO SODIUM ADDED. 

2 — 0-004MOLS./LITRE Na ADDED. 

3 — 0.010 MOLS./LITRE Na ADDED. 

4 — 0-016 MOLS./LITRE Na ADDED. 

5 — PIN SOLUTION AS ORTHOPHOSPHATE, 0-016 MOLS./LITRE Na ADDED. 


compound in.salt solutions such as 5% ammonium chloride, or in solutions 
of hydrogen peroxide, and then precipitating by adding alcohol.”°*7*? Water- 
soluble forms of the substance have thus been obtained in the solid state, 
but are difficult to purify from contamination with the reagents used. 

When polymeric potassium metaphosphate is dissolved by any of these 
methods, the resulting solutions have markedly increased viscosity. The 
extent of this increase depends upon the degree of polymerisation of the 
potassium metaphosphate, and this, in turn, depends upon the purity of the 
substance. Samples of highly polymerised potassium metaphosphate can 
yield dilute solutions of extremely high viscosity. Thus, a 0-1% solution 
of the substance can display self-siphoning behaviour, by flowing upwards 
to the edge of one vessel before passing over to another held below it.2* 
The highly viscous solutions prepared from potassium metaphosphate have 
been used for the modification of film-forming and coating compounds and as 
suspending and dispersing agents.”*°*** They have also been used in the 
sizing of textile materials.7*° A mixture of equal weights of polymeric 
potassium metaphosphate and sodium metaphosphate (Graham’s salt) dis- 
solved in 5:5 parts by weight of water has been recommended as a highly 
viscous solution for use as a vehicle for ceramic pigments.”*° Various 
measurements have been made of the viscosity of potassium metaphosphate 
solutions with the object of determining the molecular weight of the sub- 
stance. Some of these results are given in Tables XVII, XVIII and XIX.*?7»?* 
The values obtained vary considerably, and molecular weights from 10° to 
over 10° have been reported.??7»7579754-?8° Tt has been shown that the presence 
of a few p.p.m. of arsenic as impurity in the potassium metaphosphate results 


35 Refs. p. 1982 


1978 


Phosphorus in solution, mol /litre 


7 


POTASSIUM 


14-21) 28-735 7 4A, 21-208 35 ea (PAE A 


Time in days 


28 35 


58e1 


FIG. 12.- THE EFFECT OF Ca(NO,),, Mg(NO,), AND NH,NO, ON THE SOLUBILITY 


AND REVERSION OF 1-1812g. QUANTITIES OF KPO, IN 500ML. OF 


SOLUTION (0-020 MOLS./LITRE). 


1 — NO SALT ADDED. 

2 — 0-001N. SAL'T SOLUTION. 
3 —0-004N, SALT SOLUTION. 
4 —0-010N. SALT SOLUTION. 
5 —0-016N. SALT SOLUTION. 


6 — P INSOLUTION AS ORTHOPHOSPHATE, 0-016N. SALT SOLUTION. 


TABLE XVII.- THE INTRINSIC VISCOSITY IN VARIOUS MEDIA OF (KPO,),. 
MADE BY DEHYDRATION OF KH,PO, AT 500°C. 


0-4M. NaCl (aqueous) 
0-3M. NaCl (aqueous) 
0-2M. NaCl (aqueous) 
0-1M. NaCl (aqueous) 


0-1M. NaCl (5% ethanol) 
0-1M. NaCl (8% ethanol) | 


TABLE XVIIL.- THE VISCOSITY AND MOLECULAR WEIGHT IN 0-4MNaCl SOLUTION 
OF SOME PREPARATIONS OF (KPO,), MADE BY DEHYDRATION OF KH,PO, 


Refs. p. 1982 


Temperature of (Nsp/ hess 9 | Molecular 
synthesis (°C.) weight 


300,000 


| 1,100,000 
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TABLE XIX.- THE SPECIFIC VISCOSITY AND DEGREE OF POLYMERISATION OF 
(KPO,),, MADE BY DEHYDRATION OF KH,PO, 


K/P ratio | Concentration | Specific viscosity Degree of 
of solution polymerisation 


in a reduction in the degree of polymerisation and a marked reduction in the 
viscosity of solutions of the substance.”** This is believed to be due to 
greatly increased ease of hydrolysis of the metaphosphate chain at each 
position occupied by arsenic.”** In the case of solutions of pure potassium 
metaphosphate, the energy of activation of the hydrolysis of the polymeta- 
phosphate chain at pH 8-5 has been found to be about 25kg.-cal./mole.?** 

The electrical conductivity of a solution of polymeric potassium meta- 
phosphate has been found to be anisotropic when the solution is flowing. 
As is shown in Fig. 13, the greatest conductivity was found to occur in the 
direction of the flow, and the smallest in a direction perpendicular to the 
axis of flow.*’ Measurements of the conductivity of polymeric potassium 
metaphosphate in solutions of sodium thiocyanate have indicated about 30% 
dissociation of the metaphosphate, but the authors state that limitations of 
the method make this value unreliable.7*° Other determinations of the ap- 


parent dissociation of potassium metaphosphate in various media are shown 
in Table XX.?7” 


TABLE XX.- THE PERCENT APPARENT DISSOCIATION (a) OF 
(KPO,), IN VARIOUS MEDIA 


Temperature Medium g. (KPO), ] 
Cy per litre 
5 


0-10M Na Cl 12 
20 


0-40M Na Cl 14 
0-20 M Na Cl 13 | 
0-10M Na Cl 14 
0-05M Na Cl 16 


0-40M Na Cl 16 
0-20M Na Cl | 14 
0-10M NaCl 16 
0-05M Na Cl 16 | 


0-40 M Na Cl | 27 


Solutions of polymeric potassium metaphosphate exhibit flow birefrin- 
gence, and this has been measured for samples of various chain length dis- 
solved in solutions of sodium salts and tetramethylammonium bromide.”*® 

The infra-red absorption spectrum of normal potassium triphosphate has 
beeri determined in the 650—4000cm.~* region, and is given in Table II.** 

Several studies have been made of systems involving polymeric potassium 
metaphosphate and various other salts. Normal potassium triphosphate is ~ 
a stable crystalline phase in a range of the system KPO,-K,P,0,, and in the 
system KPO,-NaPO, the compound 3NaPO,,KPO, is formed.*** The latter 
compound also appears in the system NaPO,-Na,P,0,-K,P,0,-KPO,, in 
which the compound Nas P,0,9,Ks;P;0,) may also be formed.’’® In the system 
KPO,-LiPO,, the compound LiPO,,KPO, is formed, and eutectics occur at 
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27 


30 60 90 120 
Velocity gradient —> 


FIG, 13.- THE RELATIVE CHANGE OF CONDUCTIVITY AK/K, =Ax/x9 = %—%o/%p 
(x = CONDUCTIVITY OF FLOWING SOLUTION, x, = CONDUCTIVITY OF STATIC 
SOLUTION) OF A POLYPHOSPHATE SOLUTION (MOL. WT. 660,000) IN RELATION 
TO THE MEAN VELOCITY GRADIENT AT VARIOUS CONCENTRATIONS (1 = 0-8 x 
10 *, 2 = 3-3 x 10%, 3= 1:05 X10, 4 = 3-3 X10”, 5 = 1-2 x10 NORMAL). 

The upper part of the figure shows the increasing conductivity 

in the direction of flow, while the lower part relates to the decreas- 

ing conductivity produced at right angles to the direction of flow. 

The curve shown as a dottedline represents the calculated increase 

in the portion of the conductivity of polyphosphate ions having a 

chain-length of 10,000 (mol. wt.~1,000,000). 


528°C. and 518°C. with 37 and 64mole-% LiPO,.”? The system KPO,-Li,SO, 
has eutectics at 569°C., 524°C., 582°C. and 562°C. with 26%, 40-5%, 55% 
and 80-5% Li,SO,, respectively, and forms the compound (LiPO,),,(KPO3;),.7°” 
24° The system KPO,-Na,B,O, displays contraction for all concentrations 
of the borate from 16 to 64mole-% over the temperature range 650°C. to 1200° 
C.%* The system KPO,-BaTiO, has melting point minima at 746°C., 747°C. 
and 776°C., with 11, 16 and 24mole-%, respectively, of the barium salt.?°? 

By using an ion exchange membrane to measure the ionic activity in 
solutions of electrolytes, the degree of dissociation of alkali metal poly- 
phosphates has been found to decrease from potassium to sodium to lithium. ans 
The anions of polymeric potassium metaphosphate in solution are believed to 
consist of long, unbranched chains of PO, tetrahedra.*** The configuration 
of these chain polyanions may be altered ri the presence of added salts.**° 

Both potassium trimetaphosphate and tetrametaphosphate yield the in- 
soluble, polymeric metaphosphate when heated at temperatures above 250°C; 


asicsre he dihydrate of the tetrametaphosphate loses its water of crystallisa- | 


tion at 100°C., and is partly transformed to a mixture of chain phosphates 
between 100°C. and 180°C.*** Above 180°C., it yields polymeric potassium 
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metaphosphate and the trimetaphosphate.*** It has been reported that the 


transformation of trimetaphosphate to polymeric metaphosphate proceeds 
through the intermediate formation of tetrametaphosphate.”*’ 

Polymeric potassium metaphosphate reacts with the hydrogen form of an 
ion-exchange resin to form a solution of metaphosphoric acid.*** Polymeric 
potassium metaphosphate can also react with.a solution of ammonia to form 
an ammonium potassium phosphate.*** It has been reported that potassium 
metaphosphate can be decomposed by hydrated or fused salts, such as the 
decahydrate of sodium sulphate, or fused potassium nitrate.?*° 

Because of their lower price, the condensed phosphates of sodium are 
used much more extensively than those of potassium for purposes of deter- 
gency and sequestering. It has been shown, however, that potassium poly- 
phosphates are generally at least as efficient as the sodium compounds in the 
preparation of detergents, and potassium metaphosphate has been found to be 
more effective than sodium metaphosphate for this purpose.7°°?5? Potassium 
metaphosphate has also been claimed to be the best of a wide range of con- 
densed phosphates studied for use in detergent formulations.”** Owing to its 
insolubility, however, it must be used in admixture with another salt such as 
normal sodium pyrophosphate. Mixtures of sodium and potassium metaphos- 
phate have also been employed in this way in synthetic detergents.?** 

Although potassium metaphosphate has never been put on the market as 
an agricultural fertiliser, the potassium and phosphorus in it are available to 
plants in the soil and the physical properties and high plant food concentra- 
tion of the substance confer advantages in this application.*** Generally, it 
has been found that the crop response to the phosphorus in potassium meta- 
phosphate is equal to that in superphosphate.*** This varies to some degree 
with the type of soil and some reports show a slight inferiority of potassium 
metaphosphate, while others claim that phosphorus from this source is absorbed 
by plants more readily than from superphosphate.*°*»*** It has been found 
that potassium applied as potassium metaphosphate can be retained better by 
the soil than when applied as potassium sulphate.?*’ 

Other applications of insoluble potassium metaphosphate include its use 
to increase the viscosity of milk and milk products and as a thickening and 
stabilizing agent in these preparations.***»** In these applications it is 
usually mixed with a sodium salt, such as sodium citrate, to increase its 
solubility. When solubilized by admixture with sodium chloride, polymeric 
potassium metaphosphate has been treated with various dyes and used in non- 
inflammable moulding compositions and as additive for lubricating oils.*° A 
potassium metaphosphate has been used in foundry work for the protection 
and refining of castings and to prevent the development of porosity.”** Pot- 
assium metaphosphate has also been claimed to be a valuable lubricant for 
application to surgeons’ rubber gloves.*°? The compound has been found to 
inhibit strongly the reaction of carbon black with potassium chlorate but to 
accelerate the reaction of graphite with it.** Potassium metaphosphate has 
been used in the preparation of flashless powders.*** When traces of a com- 
pound of uranium are brought into solid solution with potassium metaphosphate 
by fusion, the substance is rendered luminescent under photo- or cathodo- 
excitation. ”** 


MISCELLANEOUS PREPARATIONS OF TECHNICAL POTASSIUM PHOSPHATES 


Numerous methods have been described for making potassium phosphates 
from tricalcium phosphate and from phosphate rocks. Feldspathic rocks and 
tricalcium phosphate may be caused to react together in an electric furnace 
to form potassium phosphate;*** alternatively, tricalcium phosphate may be 
treated with a solution of potassium sulphate and sulphur dioxide.” Potas- 


Refs. p. 1982 


1982 POTASSIUM ; 58el1 


sium phosphates intended for fertiliser purposes are made in various ways 
from phosphate rock. In one process,?® 
with a mixture of sulphuric acid and ammonium sulphate solution. The 
filtered solution, containing phosphoric acid, is then neutralised with potas- 
sium hydroxide or carbonate and the calcium sulphate from the initial reaction 
is treated with carbon dioxide and ammonia to provide the ammonium sul- 
phate for recycling. A solution of ammonium chloride has also been used to 
act upon phosphorites.”*° Several methods involving higher reaction temp- 
eratures have been described. A fused mixture of potassium chloride and 
apatite may be electrolysed in a special cell to form potassium phosphate 
near the iron cathode.** At temperatures around 1000°C. mixtures of a 
phosphorite and potassium carbonate react to form potassium phosphates 
substantially soluble in citric acid solution.’®” A plant with a capacity of 
100tons per day was built in the U.S.A. to make potassium phosphate for 
fertiliser purposes by fusing a slurry of phosphate rock and potassium carbo- 
nate in a rotary kiln.?”° Potassium phosphates suitable for fertilisers can 
be made by reaction between phosphate rock.and various potassium minerals 
at temperatures ranging from 800°C. to 1300°C.?"*57” These reactants are 
ground to a fine powder before calcining and products almost entirely soluble 
in citric acid solution are formed. Another method claims that a product 
containing potassium and phosphorus in a form entirely available to plants 
can be made by sintering a phosphorite with pure potassium sulphate and 
charcoal at 1100°C. in the presence of air or water vapour.?’* Mixtures of 
potassium phosphates can be made for fertiliser purposes by causing potas- 
sium chloride to react with phosphoric acid. Using an excess of the acid, 
hydrogen chloride is readily driven off by heating to yield a solution from 
which salts, suitable as fertilisers, may be separated.?7?7* At higher 
temperatures, this reaction may be employed without excess of phosphoric 
acid to produce water-soluble, glassy mixtures of potassium phosphates.7!° 

With calcium phosphate as starting material, a process has been devised 
in which conversion to the sodium salts is first achieved by elimination of 
calcium as sulphate or carbonate. Potassium phosphates are then formed 
by elimination of the sodium as sodium chloride.?’° Mixtures of potassium 
and ammonium phosphates may be separated by introducing ammonia into a 
solution or suspension of them in sufficient quantitv to precipitate tri-am- 
monium phosphate without separation of potassium salts.” 
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SECTION LIX 
THE SPECTROSCOPY OF POTASSIUM AND CERTAIN OF ITS COMPOUNDS 
By R. F. BARROW and LADY ANNE THORNE 
THE SPECTRUM OF ATOMIC POTASSIUM 
By A. THORNE 


Introduction 


The spectrum of atomic potassium has attracted much attention since the 
early days of spectroscopy, and indeed the study of the alkali-metal spectra 
played an important part in the development of modern spectroscopic theory. 
Brief historical accounts with references are given in most of the standard 
text-books on spectroscopy. °°?” 

A description of the potassium spectrum and its explanation in terms of 
modern theory is to be found in these and other text-books.** The neutral 
potassium atom has the ground-state electron configuration 1s” 2s? 2p® 3s? 3p° 
4s *Sy, with the 4s electron outside an argon-like core of closed shells 
giving rise to a doublet spectrum. ‘The first doublet of the principal series 
lies in the near infra-red at 7665 A. and 7699 A. and the second in the violet 
at 4044 A. and 4047 A.; the rest of the principal series is in the ultra-violet. 
Most of the sharp and diffuse series lie in the visible, while the fundamental 
is in the infra-red. The most important, energy levels and transitions of K I 
are shown diagrammatically by Grotrian.’ Numerical values of experimentally 
determined energy levels of K I, II, II] and IV have been tabulated by Bacher 
and Goudsmit,*® and more recently and more comprehensively by the National 
Bureau of Senuriis for spectra up to K XI.’ 

Measured wave-lengths and intensities of spectral lines were first ar- 
ranged in series by Fowler’® and Paschen-Gétze™ for the K I spectrum. 
Later tables compiled by Moore’*** give multiplets of K I, II and III and some 
forbidden lines of K IV, V and VI from 13,000 A. to the far ultra-violet, to- 
gether with a finding list arranged by wave-length. The M.I.T. wave-length 
tables,** which list the arc and spark lines of all elements between 10,000 A. 
and 2,000 A. in order of wave-length, include a list of the ‘raies ultimes’; 
these are also given in the Vatican Observatory ‘Atlas of Persistent Spectra’. 15 
The use of certain potassium lines as reference lines in the near infra-red has 
been discussed.*® 

In 1938 Shenstone’’ published a summary of spectroscopic work on the arc 
and spark spectra of all elements, incorporating tables showing how thoroughly 
each spectrum had been investigated. Meggers™ brought the information up to 
date in 1946,-and at the same time Hartree’ presented in a similar way a sum- 
mary of the calculations of wave functions and energy levels. 


Astrophysics. 

Potassium lines of particular astrophysical interest are listed in Moore’s 
multiplet tables.'#** In the case of the solar spectrum, tables of lines in the 
far infra-red region of the spectrum include several which have been ascribed 
to atomic potassium.” | 


K I lines have been identified in several stellar spectra,***° 


and variations 
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in their intensities have been studied.?%%*° Lines of ionized potassium 
have been found in certain nebulae.**** | 

Absorption lines due to potassium atoms in interstellar space have been 
investigated.**"*” 
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Excitation 


The spectrum of potassium has been excited in flames, arcs, sparks and 
various forms of discharge and has been observed in absorption by several 
methods. In this section, reference is made only to those papers in which the 
conditions or mechanism of excitation has been the main consideration. Wave- 
length and intensity measurements on spectral lines, and specialized sources 
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for particular investigations are described in later sub-sections. In particular, 
references to sparks are given in the sub-section on ionized potassium (see 
page 1994). 

Flames, Furnaces and Collision Processes. 

Many investigations have been made of the relation between the intensity 
of the spectral lines emitted from flame sources and the concentration of the 
potassium salts. This relation has generally been shown to follow a linear 
law at low concentrations and a square-root law at higher concentrations.***® 
Different methods of introducing the salt into the flame have been described.»»*® 
The distribution in the flame of the excited atoms”**** and the effect of adding 
other alkalies**** have been studied. Reversal of the potassium resonance 
lines has been used to determine flame temperatures.*%** 

In the electric furnace, lines have been observed in emission as well as 
absorption.*” 

Chemi-luminescence effects arising from the interaction of potassium 
vapour with the halogens have been investigated.**** Excitation of the potas- 
Sium spectrum by active. inopenyl has been attributed to both chemi-lumines- 
cence and collision processes,!"*” and attempts have been made to determine 
the form of collision process responsible for excitation by atomic hydrogen’*”° 
and helium.” 


Arcs. 

The emission of potassium lines in arcs, including their spatial distribu- 
tion, luminous duration, voltage and current dependence, etc., has been studied 
in some detail.**”* Work with aqueous solutions of salts has been described.** 
Spark lines have been found in both ordinary low-voltage”? and interrupted”? 
arcs. In view of the importance of the arc as a source in quantitative analy- 
sis, the intensity relations in a mixture of alkalies and the possibilities of 
the oscillating arc have been investigated.°*”* 


Discharges. 

Arc and spark lines of potassium were early found in the negative glow of 
a discharge** and have also been studied in the positive column.** Relative 
intensities of the alkali-metal spectra in discharges passed through amalgams 
have been measured,**** and lamps making use of sodium-potassium alloy 
have been described.***’ Both the arc and spark spectra of potassium have 
been brought out in electrodeless discharges.**** 
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The Scectrum of Neutral Potassium 


The neutral potassium atom has the ground-state configuration 1s? 2s? 2p® 
3s” 3p° ds *S4, with an ionization potential of 4339 V.' The latest deter- 
mination” of the term value of the ground state is in good agreement with the 
value 35,009:78 cm.~ given in the National Bureau of Standards Tables.' 

Moore’s multiplet tables** list the first nine doublets of the principal 
series and a few members of other series with their term designations, inten- 
sities, references, etc. Fowler’s tables,* incorporating earlier results, give 
all the lines known at the time (1922), including 24 members of the principal 
series, 10 each of the sharp and diffuse, and several forbidden lines. 

A complete list of experimentally determined energy levels is given in the 
National Bureau of Standards ‘Atomic Energy Levels’, published in 1949.’ 
Term values are given for all excited states of the 4s electron up to 13s, 79p, 
lld, 9f, 6g and 6h, respectively. These are based on Fowler’s tables* with 
additions and modifications drawn from a few early observations in absorp- 
tion,” later measurements of several more members of the sharp, diffuse and 
Pvcanenval series””* (including a few interferometric measurements), 24 and 
finally the extensive work of Kratz”* on the principal series in absorption, 
which he has observed as farasn=79. In 1956 the wave-lengths of 85 lines 
were measured or re-measured by Risberg,* using a hollow-cathode light source. 
He compiled a table of revised energy levels based on his measurements and 
computed Ritz-Rydberg formulae for the terms of all series; these agree well 
with his experimental values and with those of Kratz” for the principal series. 
The series limit found from Risberg’s formulae is in excellent agreement with 
the value of 35,009+78 cm.” found by extrapolating Kratz’s measurements. 
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Much attention has been devoted to iso-electronic sequences in the iron 
group, which begins with K I. The relations between their quantum defects, 
series limits, Ritz-Rydberg coefficients, and the appearance of ‘raies ultimes’ 
have been studied.1?"5 

Doublet intervals have been measured in the principal and diffuse 
series.”>** Kratz*® resolved the p-doublets as far as n = 17, and found that 
they obeyed closely the law Av « 1/n** where n* is the effective principal 
quantum number. The 7D splitting was measured interferometrically for n = 5 
to n = 8,”° and the values are given in Table I, together with those for the first 
few members of the principal series. The negative sign indicates that the *D 
terms are inverted, which has also been found true for the ?F terms.? The 
reason for this inversion is discussed in the sub-section dealing with calcula- 


tions (see page 2001). 


TABLE I.- DOUBLET SPLITTINGS IN THE SPECTRUM OF KI. 


n 
A?P(cm.”) 57972 841 4°48 
N*p(em. ty = 23354 = 1. 10 -0- 262 | -0-158 


The normal K I spectrum so far discussed is due to excitation of the 4s 
valence electron. In addition, Beutler and Guggenheimer” have observed the 
resonance doublet of the K I? spectrum which arises from the excitation of an 
electron from the 3p® shell. 

Forbidden lines of the 4s - nd series have been found in both emis- 
sion’*"*%*° and absorption,*»** and recently measured in absorption as far as n 
= 13.°* Measured intensities have been found to agree with those expected 
for quadrupole transitions.*°*? Measurements have also been made on the 
first members of the 4p - np series.*** The appearance of forbidden lines of 
both the s - d and s - s series in strong external electric fields is discussed 
under Stark Effect. Two general reviews of forbidden lines contain references 
to the potassium spectrum.*** 

Continuous emission (recombination) spectra in potassium have been ob- 
served in several different sources.*****? The continuous absorption (photo- 
ionization) spectrum has also been investigated.*%*5%°* Ditchburn et al.*? 
have summarized continuous absorption results for all the alkali metals: the 
curve of atomic absorption coefficient against frequency shows a characteristic 
minimum which for potassium lies about 0-23 eV. below the series limit. 
References to theoretical calculations of continuous absorption coefficients 
are given in the sub-section on calculations. 

Theoretical calculations of line transition probabilities are also consi- 
dered later (see page 2001). A full account of the methods and results of their 
experimental determination up to 1933 has been given by Mitchell and Zeman- 
sky,°* and more recent work is referred to in Unséld’s book.** The lifetime of 
some excited P-states has been measured directly,***° and transition probabi- 
lities of some members of the principal, sharp and diffuse series have been 
determined from their emission intensities in flames and arcs.°”° Both abso- 
lute®»®? and relative®*** determinations of transition probabilities in the princi- 
pal series have been made by the method of anomalous dispersion and in the 
sharp and diffuse series by the related ‘hook’ method.® Absolute values for 
the resonance lines have been found by magnetic rotation methods,°”*’ and 
relative values for the first twelve lines of the principal series from absorption 
measurements.”” The latest results for the resonance lines (null method of 
Fe rotation) give f-values of 0-330 and 0:657 for the 4S, a4? Py, and 

-4° Ps, lines, respectively, corresponding to a lifetime for the fp state of 
oe + 0:69 x 10° sec.® These values are about 110 times those for the 
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second member of the principal series.°*™ 

Most of the methods mentioned above have also been used to determine the 
intensity ratio of the doublet members, *°*’"”° which is found to depart slightly 
from the theoretical value of 2:1, particularly at high concentrations. Theor- 


etical explanations of this have been suggested. 118 
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The Spectrum of Ionized Potassium 
Singly Ionized. 


(37, 2265,3339) 


(23, 2878) 
(45,4555) 
(46,9418) 
(21,3159) 
(15,2788) 
(17,1589) 
(20, 544) 
(21,2429) 
(22,3584) 
(23,1571) 
(24, 2047) 
(24,5618) 
(24,5618) 
(20,3637) 


Lines of the K II spectrum were early found in several different kinds of 
ee 4 . 5e8 ° 
source, for example diseharge tubes,” electrodeless discharges,™ certain com- 


1 


bustion and collision processes” and interrupted arcs; 


conditions were studied in various forms of spark and condensed discharge. 


12,13 


and the excitation 


14-18 


Electrodeless discharges have been largely used in systematic investigations 


of the spectrum.*74:7%78,3° 


Much work. has been done on the classification of 


the lines, with particular reference to the relation between the spectra of 


ionized potassium and neutral argon.***? 


e =-30 
cent work of de Bruin?*® 


The wave-lengths and intensities of 
a few of the multiplets are given in Moore’s multiplet tables. 
and Bowen* established altogether 20 levels, which 


The most re- 


are listed in the National Bureau of Standards ‘Atomic Energy Levels’.* 
K II has an argon-like spectrum, with the ground-state electron configura- 


tion 1s*.2s*<2p* 3s 


3p° *Sy. Its ionization potential is 31-81 V., corresponding 


to a series limit of 256,637 cm.” to the *Py ground term of K III; the series 
limit to the “Py term is 258,803 cm. - ‘Atomic Fnergy Levels’* lists terms 
arising from the cénfigurations 3p* 4,5s; 3p* 4p; and 3p* 3,4d, built on both 


the 3p* *Px and 3p* *Py, terms of the ion. 
Doubly Ionized. 


The spectra of K III and higher ions lie mostly in the vacuum ultra-violet 


region. A few lines of K III are included in Moore’s multiplet tables. 
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80 lines in all have been classified by different investigators between 325 A. 
and 3885 A.,*7*° and the nineteen energy levels derived from these are given 
in the National Bureau of Standards ‘Atomic Energy Levels’,’ in Mice terms 
are listed arising from the configurations BSD sy 360 2O0, Lab ose ip el 4p; 
and 3s* 3p* 3d. Since the spectrum is chlorine-like (ground state ts! 2s? 2p° 
3s* 3p* *Py), the terms are doublets and quartets. ‘Atomic Energy Levels” 
gives 46 V. for the ionization potential, corresponding to a series limit of 
369,000 cm.7*; a later calculation gives 46-1 v.° 


Triply Ionized. 

K IV has a sulphur-like spectrum, with the ground state 1s? 2s? 2p° 3s? 3p* 
°p,. ‘Atomic Energy Levels’* gives 60-90 V. for the ionization potential 
(491,300 cm. *), but a more recent calculation gives 61:3 V.° The 
above tables list the nineteen levels derived from nearly 60 lines between 271 
A. and 754 A. classified by Bowen* and Tzien,** with a few additions and 
corrections from other papers.*”******* These terms are singlets and triplets 
arising from the configurations 3s? 3p*; 3s 3p‘; 3s? 3p* 4s,5s, 3d. 


More Highly Ionized. 

The data for K V - XI given in ‘Atomic Energy Levels’* are indicated in 
Table II. The references given in parentheses are either incorporated in the 
main references or merely make corrections or small additions to the latter. 
In the ‘Ionization Potential’ column the unstarred values are those given in 
‘Atomic Energy Levels’,* generally calculated by extrapolating the quantum 
defect along iSo- electronic sequences by the method of Edlén.*® Recently 
Finkelnburg”* has calculated new values by extrapolating in addition the 
change in quantum defect down the appropriate column of the periodic table, 
and his values are shown starred in Table II. 


TABLE II.- DATA FOR THE SPECTRA OF THE IONS K V To K XV. 


Iso-elec- | Ionization 
tronic | Potential 
with (volts) 


liga:5s 294-825 | 38 (35,39) 


{ 99+7 
99-88* 
jai 
118+ 24* 
155 
154-6* 


804,513 A 256-725 | 40 (43) 
950, 200 | 175-671] 40, 44 


1,247,000 155-938 | 38, 45 (40) 


175-94 
175 -8* 


5038 
teoa.is | 4:064,300 S. 29-41 48 


1,419,425 112-636 | 46(38, 40,47) 


566.2% 
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The Zeeman and Stark Effects 


Zeeman Effect. 


I9*D 


(39,5172) 


(44,6264) 
(15,3942) 
(20,3642) 


(27,5645) 
(17,3284) 
(19, 1096) 
(16,3590) 
(20, 148) 
(44, 179 2) 


1922,55, 145-61. 


(16,2074) 
(20, 2118) 
(19, 2166) 


(19, 29 13) 
(21,3020) 


(21,3020) 
(21,2609) 
(16, 683) 
(16,4140) 
(17,2389) 
(17,2828) 
(18, 627) 
(18,3543) 
(19, 609) 
(20, 2285) 
(20, 26 16) 
(20,3389) 
(21, 857) 
(22,2716) 
(22,3354) 
(22, 1907) 
(23, 2361) 
(23, 2884) 
(28, 968) 
(31,3381) 
(31,6105) 
(34,5751) 
(29, 1004) 
(29, 1004) 
(31,3381) 
(37, 40 10) 
(31,8364) 
(33,4871) 
(34, 2252) 
(33,3689) 
(30,5881) 
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(37,5651) 
(44, 2844) 


The Zeeman effect in the alkali-metal doublets is described in text-books 


on spectroscopy, for example those cited in the Introduction. 
accounts have been given by Back and Landé.¥? 


Refs. p. 1998 


Rather fuller 
As the historical resumés in 
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the above references indicate, the ‘anomalous’ Zeeman pattern of the reso- 
nance lines of the alkali metals played an important part in the development of 
spectroscopic theory. : 

The Landé g-factor is 2 for the *Sy ground state of potassium, and 2/3, 
4/3 for the *Py, *Ps, levels,respectively. Thus, in terms of the classical 
Lorentz splitting Av; , the *Sy-*Py, line has two o components at +*4Avy and 
two 7 components at +”,Ar,, while the *S:,-*Ps, line has four o components at 
+4%Av,, +#4Av and two 7 components at +%4Av;,. The Paschen-Back effect 
sets in at magnetic fields strong enough to break down the spin-orbit coupling; 
as this condition is approached, the components of the two resonance lines 
merge to form a Lorentz triplet with unshifted 7 component and o components 
at tAv,;. In addition to the references already cited, a mathematical treat- 
ment based on Dirac’s theory has been given of the Zeeman effect in the alka- 
li metals.* 

The Zeeman effect in the ground state of potassium has been much studied 
in the course of atomic beam magnetic resonance experiments (see page 1999). 
The ground-state splittings have been measured with great accuracy in con- 
nection with a determination of the g-value of the electron. The g(*Sy) value 
of potassium is found to differ from those of lithium and sodium by 1:40,000°° 
and from that of hydrogen by either 1:6,000** or 1:60,000.*7 These small dis- 
crepancies have been ascribed to perturbations.” 

The magnetic double refraction of potassium vapour has been measured, 
and experimental and theoretical results compared.* It has been shown from 
the Zeeman patterns of the ‘forbidden’ 4s - nd series of lines that they are 
due to quadrupole radiation.°” The Zeeman effect in the 4s - ns series in- 
duced by an electric field has been examined.”* Forbidden components have 
been found in the Zeeman pattern of the resonance lines**®”” and a pressure- 
dependent asymmetry noted.?”** The Zeeman pattern of certain lines of the 
K Ii spectrum indicates irregularities which have been ascribed to perturba- 
tions by neighbouring configurations.** 

The simple Zeeman pattern in any field is symmetric about the field-free 
line. However, at high fields and for the higher members of a series, the pat- 
tern as a whole may be asymmetrically shifted by the so-called quadratic 
Zeeman effect. A brief account of this has been given by White’? with refer- 
ence to the work done on potassium. The 9 components should preserve their 
relative separation, while their centre of gravity is shifted twice as far as that 
of the 7 components, the shift being proportional to H? and (n*)*, where n* is 
the effective quantum number. Experiments on the principal series in absorp- 
tion have confirmed this up to about n* = 20,*** small deviations in higher 
terms being ascribed to perturbation of the *P levels by nearby *F levels.*%** 


Stark Effect. 

The Stark effect is rather briefly discussed in most text-books (see page 
1989). A fuller account has been given by Minkowski.*® -The Stark pattern of 
a line is considerably more complicated than its Zeeman pattern. In the alka- 
lies the first-order effect is an asymmetrical splitting proportional to the 
square of the field strength, which, when unresolved, appears as a simulta- 
neous broadening and shift of the line. The theory of the effect in the alka- 
lies has been discussed in several papers.*””” 

The Stark effect has been observed in absorption in potassium for lines of 
the principal series and the forbidden 4s - nd and 4s - ns series;*°** the 
higher series members appear to vanish at high fields.*»?? Calculations of 
line intensities for these conditions are in fair agreement with the experi- 
mental results.*»”° 
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Hyperfine Structure and Nuclear Moments 


Before the development of magnetic resonance techniques, nuclear moments 
were determined primarily by optical measurements of the hyperfine structure, 
hereafter referred to as hfs. Kopfermann’* has given a very full account of the 
theory and also of the methods of both optical and radiofrequency spectro- 
scopy. Ramsey’ has summarized the methods of determining nuclear moments, 
giving tables of results up to 1952 and many references. Nuclear effects in 
atomic spectra®® and the role of nuclear moments in the shell model of the nu- 
cleus have recently been reviewed.*® 

The data for potassium are summarized in Table III where references are 
given only for the results published since 1952 and therefore not included by 
Ramsey. 

The columns headed Av(4’S1,) refer to the total hyperfine splitting of the 
4s’Sy, ground state, which has been measured for all isotopes much more ac- 
curately by radiofrequency methods than is possible optically.” The first few 
figures of the value have here been converted for convenience to cm.”. yp is 
the nuclear magnetic moment in nuclear magnetons and Q the nuclear electric 
quadrupole moment. 

The nuclear magnetic moments of the two stable potassium isotopes,*”*K 
and **K,are so small that the hfs is very narrow, and the difficulties of resol- 
ving it ‘optically are increased by the fact that the isotope shift in the reso- 
nance lines is of the same order of magnitude. Early experiments failed to 
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TABLE III.- NUCLEAR MOMENTS OF THE POTASSIUM ISOTOPES 
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detect any splitting.** The hfs of the resonance lines was partially resolved 
when an atomic beam was used as the light source so as to reduce the Doppler 
width of the lines;** and in a later experiment Jackson and Kuhn’ succeeded 
in resolving the ground state hfs in both isotopes and deducing the ?P hfs from 
the unresolved structure. Their values are as follows (the “Sy, values agree- 
ing with the more accurate value quoted in Table III):- 


394 (AW(4?Sy) = 0-0153 cm. 40x fAUA'Sy,) = 0-0086 cm." 
‘AV(4?Py, ) = 0-0018 cm.7* AW 4?Py,) = 0-0010 cm.7? 


The hfs of the Zeeman effect was also resolved, and the isotope shift»** for 
“K relative to *°K found to be +0:0076 cm.”?.’ 

Optical spectroscopic work on hfs’ and hfs of the Zeeman effect’’ in the 
alkalies has been reviewed. 

The most accurate measurements of nuclear moments and of the hfs and 
Zeeman levels of the ground state have been made by radiofrequency methods, 
mainly in atomic and molecular beams.””** Atomic beam deflection measure- 
ments’? and the method of zero moments’®»** were early applied to find the 
spins and magnetic moments of both *K and “K. Later, Rabi’s magnetic 
resonance technique¥* was applied to atomic beams of potassium to measure 
accurately the hfs and Zeeman effect in the ground state of both these iso- 


topes’»*® and to molecular beams to measure directly their magnetic mo- 
ments.*%!° The g,-value of the *Sy state of *K has been compared with great 


accuracy with the corresponding gy in the other alkalies’® and in hydrogen’ as 
a step in the determination of the gyromagnetic ratio of the electron.* 

Magnetic resonance measurements have been made on atomic and molecu- 
lar beams of the radioactive isotope *°K to determine its spin, magnetic moment 
and Ar(4?S;,) value.774*° Recently the spin and Av(4’S,,) value of radioac- 
tive “7K have been measured in an atomic beam, and the magnetic moment cal- 
culated therefrom.”* 

Another branch of radiofrequency spectroscopy, that of nuclear magnetic 
resonance,” has also been used to measure accurately the nuclear magnetic 
moments of **K and **K.?7%* 

Recently Rabi et al. have succeeded in performing atomic beam magnetic 
resonance experiments with alkali-metal atoms in excited *P states, and from 
transitions between hf levels of the 4’Ps; state of “K have found a value for 
the nuclear quadrupole moment of 0:07 x10 cm.?.?5 In addition, the hfs of 
the 5"Py and 5*Py, states has been investigated by the very recent technique 
of magnetic double resonance, whereby radiofrequency transitions between hf 
levels are detected optically. The value of Q found from the 5’Px state is 
0-11 x 10°* cm.?.?©?7. These results, combined with a molecular beam electric 
resonance measurement of the ratio of quadrupole moments in *°K and **K give” 
a value of Q for “1K of 0:09 to 0-13 x 107% cm.’ 
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The so-called hfs anomalv*»** has been measured for the pairs of potas- 
sium isotopes *°K: 1K? and *°K:*°K*° and foundto be ~0°226%” and—0-466%*" res- 


pectively. Tne anomaly was attributed by Bohr and Weisskopf*» 


si, 32 


to the 


distribution of the magnetic moment over a finite nuclear volume, and its size 


thus depends on the nuclear model chosen. 


Lhe etfect to (be expected from 
different nuclear models has been compared with the experimental values. 


30,32 
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Calculations 


Estimates of energy levels of the potassium atom have been made from the 
simple Bohr theory’ and from semi-empirical formulae.*” The behaviour of the 
energy levels along the iso-electronic sequence beginning with K I has been 
much studied (see page 1992) in many cases with reference to doublet splitting 
as well. Semi-empirical formulae have also been applied to this.*° 

The determination of atomic energy levels and eigenfunctions (and hence 
transition probabilities) by the methods of quantum mechanics has been fully 
described by Condon and Shortley.’ Hartree in 1946 summarized calculations 
carried out up to that date on the spectra of all light and a few heavy atoms 
for states of ionization up to the fourth.* 

Wave functions for the ground state of potassium have been found by the 
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Hartree self-consistent field method;” for the ground and a few excited states 
by an analytic treatment of the self-consistent field;**** and by taking into 
account as well polarization of the core electrons. 12,1335 For Kt, self-consis- 
tent field wave-functions were calculated by Hartree, first without’* and later 
with’® exchange terms, and analytic approximations have also been given.’ 
Wave functions have been found for K~,*” and the electron affinity has been 
calculated by different methods; the wocune value found indicates that the 
negative ion should be stable.*%**** = Wave functions for states of ionization 
higher than the first appear to have been calculated only for the ground states 
of the ions K XII*° and K XIV.*° 

Several explanations have been given of the inversion of the 7D and 7F 
terms ofthe heavier alkalies:*** it is generally ascribed to perturbations by 
excited states of the core electrons. The ?P intervals have been calculated 
from Hartree wave functions.” 

Transition probabilities have been calculated on the basis of Hartree self- 
consistent field wave functions for members of the principal, sharp and diffuse 
series, *7*%?577%4 and also for the ‘forbidden’ 4s - nd series.*»” Several cal- 
culations of continuous absorption coefficients (photo-ionization cross-sec- 
tions) have been made,*°** of which the most recent,*»** using wave functions 
with exchange, have succeeded in accounting qualitatively for the experiment- 
ally determined coefficient, including the minimum below the series limit. The 
continuous absorption coefficient of K II has also been calculated, with the 
use of exchange wave functions of K III.*” In the X-ray spectrum, calcula- 
tions have been made for the continua at the K and L absorption edges, using 
Hartree-Fock wave functions.*° 
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Pressure Effects and Fluorescence 


Pressure Effects. 

General accounts of the effects of pressure on spectral lines are given’ 
in several text-books. In addition, review articles were written in 1936 by 
Margenau and Watson* and in 1957 by Ch’en and Takeo;* both of these contain 
many references to work on alkali spectra, on which some of the most exten- 
sive research has been done, and accounts of the theories of pressure effects. 
More detailed theoretical papers have been published on both foreign-gas 
broadening’ and ‘resonance’ (self-pressure) broadening.**° In view of the 
availability of these review articles the subject may be treated very briefly 
here. . 

Both broadening and shift have been measured in absorption for the potas- 
sium resonance lines**** and the next few doublets of the principal series,**”® 
_with a number of foreign gases. The doublet intensity ratio has been found to 
vary with pressure.** The shift in the higher members of the series is propor- 
tional to the relative density of the foreign gas and approaches a constant 
value at the series limit,’””° but the line width does not behave in quite the 
same way.’»7° 

Another effect of pressure is the appearance of bands near the absorption 
lines. These have been investigated in potassium vapour and attributed to 
the formation of loosely bound polarization molecules of K,.7*” 

The behaviour of the potassium resonance lines with increasing density of 
potassium vapour (resonance broadening) has also been investigated. Ex- 
perimental line contours have been compared with calculated contours.?"** At 
high vapour pressures, asymmetries have been noted in the Zeeman pattern of 
the resonance lines, together with the appearance of forbidden components.**** 

High vapour pressures have also been found to affect absorption coeffici- 
ents in both the continuous spectrum*’ and the principal series.** 


Fluorescence and Resonance Radiation. 

A full general account is given by Mitchell and Zemansky.* In potassium 
the excitation of resonance radiation has been described,*” and experiments 
have been done on its polarization*® and quenching by hydrogen and deute- 
rium.*° Several lines and bands have been observed in fluorescence.***? 


References 


I Mitchell, A. C. G. & Zemansky, M. W., Resonance Radiation and Excited Atoms, 
Cambridge, 1934. (28,3664) 

2 Unsold, A., Physik der SternatmosphGren, Berlin, 1955. 

3 Ch’en, S. & Takeo, M., Rev. Mod. Phys., 1957,29, 20-73. 


4 Margenau, H. & Watson, W. W., Rev. Mod. Phys., 1936,8, 22-53. (30, 2842) 
5 Foley, H.M., Phys. Rev., 1946,69,616- 28. (40, 5336) 
6 Weisskopf, V., Phys. Z., 1933,34, 1. (27,1820) 
7 Lenz, W., Z. Phys., 1933,80, 423. (27, 2378) 


8 Reinsberg, Naturwiss., 1937,25, 172. (31,5266) 


5909 SPECTROCHEMISTRY 2003 


9 Frenkel, oe 2: Beta 1930 ,59, 198-2077. (24, 1289) 
10 Margenau, H., Phys. Rev., 1933,43, 129-34. (27, 898) 
PRB HGR, Phys. Rev., 1936, 50, 1148-50. (31, 2094) 
#2 Hull, G. F., Phys. Rev.., 1937,51,572 4. (31,7749) 
13 Ch’en, S-Y., Phys. Rev., 1948,73, 1470. (42,5770) 
14 Robin, J. & Robin, Ss, Compt. Rend., 1951,233, 10 19- 22. (46,2394) 
15 Fuchtbauer, C. & Reimers, H. J., Z. Phys., 1935,97, 1-7. (30, 379) 
16 Watson, W. W. & Margenau, Hy; Phys. Rev., 1933,44, 748-52. (28, 1268) 
17 Amaldi, E. &Seegré, E., Nuov. Cim., 1934, 11, 145-56. (28, 3980) 
18 Pontecorvo, B., Atti R. Accad. Lincei, 1934, 20, 105-12. (29, 679) 


19 Fiichtbauer, C., Schulz, P., Brandt, A. F. &Géssler, F., Phys. Z., 
1934, 35,975-7; Z. techn. Phys., 1934,15,551-4. (29,3233) 


20 Fiichtbauer, C. & von Heesen, W., Z. Phys., 1939,113, 323-33. (34, 26) 
21 Kuhn, H., Naturwiss., 1930,18, 332-3. (24, 3709) 
22 Kuhn, HW, LCR Ss, 1932, 76, 7182-9 2. (26,5839) 
23 Matsuyama, E., Sci. Rep. Tohoku Imp. Univ., 1934,1,23, 334 42. (29, 1008) 
24 Carrelli, A., Rend. Accad. Sci. Napoli, 1933,3,39- 54, 101-9. (28, 2266) 
25 Datta, S & Chakravarti, B. K., Sci. and Culture, 1936,1, 478. (30, 2487) 
26 Chakraborti, B. K., Indian J. Phys., 1936,10, 155-62. (30,5882) 
27 Okuda, T., Nature, 1936,138, 168. (30,7031) 
28 Ch’en, S.-Y., Phys. Rev., 1944,65, 338-40. (38,4866) 
29 Heard, J. F., Month. Not. Roy. Astron. Soc., 1934,94, 458-66. (28,4309) 
30 Hughes, D.S. &Lloyd, P. E., Phys. Rev., 1937,52, 1215-20. (3271571) 
31 Tomiser, J., Acta Phys. Austriaca, 1954,8,323-31. (48, 13415) 
32 Datta, S. &Roy, S.N., Indian J. Phys., 1930,5, 365-70. (25, 641) 
33 Bhattacharya, D.K. &Sinha, & P., Indian J. Phys., 1943,17, 131-4. (38, 1687) 
34 Tomiser, J., Acta Phys. Austriaca, 1954,8,323-31. (48, 13415) 
35 Tomiser, J., Naturwiss., 1954,41, 34. (48, 10431) 
36 Ellett, A., Nature, 1924,114,931-2. (19, T7T9) 
37 Nielsen, J. R. & Wright, N., J. Opt. Soc. Amer., 1930,26, 27-30. (24, 2048) 
38 Krause, E.H., Phys. Rev., 1939,55, 1649. (33, 2808) 
39 Finkelstein, M. A., J. Chim. Phys., 1952,49, 185-95. (46,8517) 
40 Smith, W.M., Stewart, J. A. & Taylor, G. W., Canad. J. Chem., 1954,32,961-8. 
(49,5119) 


X-Ray Spectrum 


Early work on the X-ray spectrum of potassium was principally concerned 
with measurements on the K-series lines*****"* and of the effect on the wave- 
length both of the K-emission lines”*"*? and of the K-absorption edge”? of 
using potassium in different chemical compounds. Measurements were also 
made on L-series lines,*° and the K-, L- and M-absorption edges calculated. 

With increasingly good Peeoiniion satellites were found near many X-ray 
emission lines, including the K-series lines of potassium.'”7?%*4?*_ These ap- 
pear to originate in atoms in which a second electron has been knocked out of 
an inner shell, either together with the first or in an Auger process.” The 
production of Auger electrons has been investigated.*® 

Other effects studied in potassium include the Compton scattering effect,” 
X-ray emission from gaseous potassium,** the existence of extremely soft X- 
ray absorption bands in the potassium atoms in photographic plate emulsions’ 
and of semi-optical bands,” and the fluorescent yield of X-ray emission.” 
The mass absorption coefficient has been measured and compared with that 
calculated by taking into account both photoelectric absorption and scat- 
tering,’’ and the energy distribution of the ejected photoelectrons has been in- 
vestigated. 74 Work on the X-ray spectra of potassium and other elements was 
reviewed in 1938.*° Recently a table of atomic energy levels has been com- 
piled from X-ray frequencies for potassium and other light and medium ele- 
ments.** 

With the higher-resolution methods developed since the early years of X- 
ray spectroscopy, it has been shown that the absorption edges of atoms in the 
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solid state have a fine structure and that owing to the influence of unbound 
electrons and neighbouring atoms many of the emission ‘lines’ are in fact 
bands of varying widths. Much work has been done on the K-absorption edge 


of potassium, principally in halide crystals,7°°'975%*° 


solutions*? and in metallic potassium.**** 


4°42 but also in aqueous 
The effect depends on electronic 


energy bands in the crystal lattice or, in the case of a metal, on the free elec- 


* 9 
tron conduction bands, 3734243348 


emission bands,°%°%3%4? 
. ° 9 
now a valuable part of solid-state physics. *7977%*° 


These also affect the width and shape of 
The study of X-ray absorption and emission bands is 


Another recent development in X-ray spectroscopy is the production of so- 
called mesonic X-rays - i.e., X-rays from an atom in which the radiating elec- 
tron is replaced by a meson. Information can be derived abcut both the meson 
and the atomic nucleus. In potassium, K-, L-, and M-series lines have been 


identified from 7-mesonic atoms.**~’ 


A number of general accounts and review articles discuss the X-ray spec- 
trum of potassium, with particular emphasis on the importance of X-ray spec- 


troscopy in solid-state physics.*”>* 
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THE MOLECULAR SPECTRA OF POTASSIUM AND CERTAIN OF ITS COMPOUNDS 
By R. F. BARROW 


The Potassium Molecule, K, 


The small proportion of diatomic molecules, K,, in equilibrium with K 
atoms in the gas phase at any temperature gives rise to a number of band 
systems, not all of which have yet been pee investigated. The bands may 
be observed most readilv in 2bsorption, Peel hes but many are also seen in the 
fluorescence spectrum?’*"’»** and excitation by active nitrogen** has also been 
studied. Early analyses (e.g. ***) were based on inadequate data; there is 
now little doubt that the analyses of the longer-wave-length systems***® are 
correct, but the ultra-violet bands’®* are less well understood. The magnetic 
rotation spectrum of the system B*il,-X"2, (see Table IV) has also been 
examined both experimentally*® and “theoretically; the observations give 
important information about the course of the vibrational levels in the excited 
state and lead to a value for the dissociation energy of the K, molecule. The 
isotope effect between the bands of (*°K), and of **K**K has fee obs erved.”” 
From the alternation of intensities of the rotational lines it was concluded*»” 
that the nuclear spin of **K is greater than 1/2. The relative intensities of 
bands in the B-X system has been studied.*° 

There is also spectroscopic evidence of weakly-bound polarization mole- 
cules,?”?5?? Diffuse absorption bands are attributedto weakly-bound molecules 
K-X, with X = *°Mg, “Zn, *'Cd and **Hg. 

The dissociation energy of K, may be obtained from the Sone eae limit 
in the state B'II,,, giving D4’ ~ 0-5 14ev. or 11°8, kg.-cal.mole™. It is, how- 
ever, possible that there is a small potential iawn in ie state; if So, 
this estimate could be a little too high. Molecular-beam experiments*®*”*? 
yield in fact sull higher values. A recalculation,” for example, of the results 
of Lewis,* gives Dj’ = 12667 + + 0°50 ks. -cal, Studies of dilute potassium- 
chlorine and potassium-bromine flames*® give Dy’ = 12°5 kg.-cal. 

‘An accurate potential-energy function for the -ground- state of K, has been 
constructed,** and a number of empirical relations between the spectros copic 
constants of this molecule has been discussed. ***° 


TABLE IV. - SPECTROSCOPIC CONSTANTS FOR K, 


| ee | ee ee 


28077 
27556 


26480 


24611+0 
22954°0 


15369+ 2 0°04824 | 235~x 10% 
1167009 - - 
0-05622 | 2°19 x 10% 


Notes (1) Slightly different constants are given in reference 24. 
(2) -0°0003(v + %4)4. 
(3) -0°00018(v + %4)*. 
(4) No satisfactory analysis has yet been proposed for the bands** in the 
region 3420 to 3640A. 
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KRb, KCs 


2007 


(20, 3387) 
(21,3311) 
(21,3830) 
(22094) 
(22, 2326) 
(22, 2885) 
(23, 5418) 
(24,3434) 
(24, 3434) 
(24, 5623) 
(26, 2652) 
(26, 2652) 
(30,7030) 
(32, 860) 
(31,8372) 
(32, 3262) 
(41,7255) 
(44,6265) 
(43,3712) 
(45, 1420) 
(26, 5839) 
(30, 5882) 


(33, 2808) 
(26, 373) 
(24, 5624) 
(25, 5073) 
(27, 1822) 
(24, 3689) 


(50, 4615) 
(35, 1280) 
(32, 45) 
(32, 45) 
(34, 3589) 
(34, 1524) 
(19,3428) 
(29, 1008) 


Diffuse absorption bands at 20,160 and 18,560 cm.” have been attributed 


to the molecules KRb and KCs respectively.’ 


Reference 


1 Walter, J. M. & Barratt, S., Proc. Roy. Soc., 1928,A119, 257-75. 


Potassium Hydride 


(22, 2885) 


The spectrum of potassium hydride** is similar to the spectra of the other 
alkali-metal hydrides. An emission continuum has also been observed.‘ 


Analyses of bands of the A-X system*® appear to be incorrect.’ 


Constants 


for KH are given below. For a general discussion of the alkali-hydride 


spectra, see reference 8 and LiH, page 285. 


State T, Wo ton Dey keg.-caL. 
Ase 10530 e2eaeodaO 405% - 
Sy fies 0 985-0 14:65 42e, 
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State B. ay eee 
ATS* 1632 = -0004* = 6, 
X1Z* 36407 = 080673 20244 


* Further terms are required to describe the variation of G and of B with v in 


j, Dee 
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Potassium Halides 


The spectra of the potassium halides in absorption in the vapour state 
have been investigated as follows:- 


Microwave region: potassium chloride’ and iodide.' 
Infra-red (vibration-rotation) region: potassium chloride? and bromide.’ 
Electronic spectra: potassium fluoride,*** chloride,” bromide**” and iodide**” 


The electronic spectra of the chloride, bromide and itodide have also been 
studied in emission.’ Information:about the spectroscopic properties of potas- 
sium fluoride has also been obtained by the molecular beam electric reso- 
nance technique.© In an important development of this method, accurate 
molecular constants for potassium chloride’? and bromide** have been derived 
‘from observations of lines of the transition J=0 —+ J =1. Measurement of 
the Stark pattern of the line J = 2. — J =.3 in. potassium chloride leads to the 
value pz = 10¢1 + 0e2D. for the dipole moment. Radio-frequency spectra have 
also been observed for potassium fluoride*® and bromide.*° 

Values of the molecular constants of these molecules are collected in 
Table V, together with the thermochemical .information required for the deter- 
mination of their energies of dissociation (see also page 28 3)e 


TABLE V.- SPECTROSCOPIC CONSTANTS FOR 
THE ‘GASEOUS POTASSIUM HALIDES 


385604 02) 23.680 2) 
RCS 12.136) 
1825-01 8 034 


Notes: (1) The values of B, a, and r, are taken from reference 1. The values of B, 
and a, are in Me. /sec. 
(2) Constants for K°°Cl. 
(3) Constants for K*7Cl. 
(4) @ (KF) ~405cm.™ from ultraviolet spectrum,* 390 + 40cm.” from molecular 
beam electric resonance.* Other values of w, are from reference 2: the 
values in square brackets are estimated values. 
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TABLE V (continued) 
Dissociation Energies, Dos, kg.-cal.mole™ 


a reference 9 

b reference 10 

c reference 11 

d recalculated from reference 17 
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POTASSIUM AND POTASSIUM COMPOUNDS: SOLID STATE 
Potassium 


Films of potassium deposited on fluorite at liquid air temperatures are 
transparent in the Schumann region’ (see also page 1378). 
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Potassium Hydride 


The ultra-violet absorption of thin crystalline layers of potassium hy dride 
deposited on quartz has been measured. Absorption maxima are found at 


2350 and 1930A. 
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Potassium Oxides 


The ultra-violet absorption of thin layers of the monoxide, K,O, deposited 
on quartz has been measured.* Absorption maxima are found at 3120, 2550 
and 2290.4. 

The infra-red absorption spectrum of a sample presumed to be potassium 
trioxide, K,O,, has been examined,’ but no absorption attributable to the ion 
O,;- was observed. 
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Potassium Halides 


In order to avoid repetition, certain properties of the crystalline alkali 
metal halides are only discussed in detail under one appropriate alkali metal, 
as follows: ultra-violet absorption spectra, page 285; Raman spectra, page 
1380; colour centres, page 2012; luminescence: phosphors, page 2018. 

The absorption spectra have been studied in both the infra-red and ultra- 
violet regions. In the infra-red, maxima have been observed’ as follows:- 


KCl: 70e7p. KBr: 883. KI: 102+Qu. 


In the ultra-violet region, the maxima?” 


KF: 1260. | 
KCl: 1620 1310A. 

KBr: 1870 1730 1460A. 

KI: 2190 1870 1750 1290a. 


The variation with temperature of the position of the longest-wave-length 
absorption band of potassium iodide has been studied.° On melting, the ultra- 
violet absorption edges shift by about 0*7eV. to longer wave-lengths.”* Other 
measurements of the dispersion of potassium chloride in the ultra-violet 
region,’ and of the ultra-violet reflexion spectrum’? have been reported. The 
refractivity of potassium bromide in the visible region, 4000 < A < 7100A., at 
temperatures between 16° and 28°C. has been measured.*' Absorption by 
potassium chloride in the microwave region has been discussed in terms of 
lattice defects.”° 

In the infra-red region, natural potassium chloride was once important as a 
prism material; measurements of its refractivity’? and transmission** are 
available. More important’* is potassium bromide, especially for the region 
15 to 25u. The refractivity*®*® of potassium bromide, and its transmission**"’ 
have been studied. The transmission of powder films has also been mea- 
sured,’* and its use in filters for the region 30 to 43u has been discussed.** 
Potassium iodide is little used in infra-red spectroscopy: its refractivity’® and 
transmission” have been measured. 

The use of the potassium halides, alone, or with controlled additions of 
thallium or lead, as filters transmitting narrow intervals in the ultra-violet 
region has been discussed,” as has the use of potassium chloride-lead 
chloride and potassium bromide-lead bromide.”” 


* lie at the following wave len gths:- 


Refs. p. 2011 


bs ts Baek ss. 


5918 SPECTROCHEMISTRY 


References 


I Barnes, R. B., Z. Phys., 1932,75,723-34. 


2011 


(26,4252) 


2 Hilsch, R. & Pohl, R. W., Nachr. Ges. Wiss. Gottingen, Math.-Phys. Klasse, 


1929,No. 2,73-8. 
3 Hilsch, R. & Pohl, R. W., Z. Phys., 1929,57, 145-53. 
4 Hilsch, R. &Pohl, R. W., Z. Phys., 1929,59,812-9. 
5 Sneider, E. G. & O’ Bryan, H.M., Phys. Rev., 1937,51, 293-8. 
6 Fesefeldt, H., Z. Phys., 1930,64,623-8. 


(24, 4460) 
(24,1291) 
(24,2051) 


(25, 252) 


7 Mollwo, E., Nachr. Ges. Wiss. Gottingen, Math.-Phys. Klasse, FachgruppelI, 
1935,1, 203-7. (30,4757) 


8 Mollwo, E., Z. Phys., 1947,124, 118-20. 
9 Wulff, P., Z. phys. Chem., 1933,B21,353-81. 
10 Gallais, F., J. Chim. Phys., 1946,43,30-4. 


11 Spindler, R. J. & Rodney, W.S., J. Res. Nat. Bur. Stand., 1952,49, 253-62. 


12 Hohls, H. W., Ann. Phys., 1937,29, 433-48. 

13 Mentzel, A., Z. Phys., 1934,88,178-96. 

14 Lord, R. C., McDonald, R.S. &Miller, F. A., J. Opt. Soc. Amer., 
1952, 44, 149-59. 

15 Gundelach, E., Z. Phys., 1930,66,775-83. 

16 Korth, K., Z. Phys., 1933,84, 677-85. 

17 Plyler, E. K., J. Chim. Phys., 1947,15,885-6. 

18 Plummer, J. H., J. Opt. Soc. Amer., 1936,24,434-8. 

19 Hadni, A., J. Phys. Radium, 1954,15,375-6. 

20 Strong, J., Phys. Rev., 1931,38, 1818- 26. 

21 Stekhanov, A.I., Zhur. Anal. Khim., 1953,8,18-21. 


22 Andreev, S. N. & Guidina, R. 1, Zhur. Prikladnoi Khim., 1953,26,85-8. 


23 Freymann, M. & Freymann, R., J. Phys. Radium, 1954,15,217-9. 
24 Hartman, Siegfried & Nelson, quoted by Seitz, F., Rev. Mod. Phys., 


(42,8646) 
(27,4146) 
(40,6991) 
(47,7279) 
(31,6074) 
(28, 5337) 


(46,49 13) 
(25, 3243) 
(28, 412) 
(42, 1506) 
(31,8375) 


(48, 12557) 


(26, 917) 
(47,4746) 
(49,5124) 
(48, 7972) 


1954, 26, 7-94. (48,8027) 


Potassium Lalides and Infra-red Spectra of Solids 


In an important technique’ for the examination ‘of the infra-red absorption 
spectra of solid substances, the powdered material is incorporated in a sin- 


tered disk commonly of potassium bromide (technique,**° applications’*”*). 
The chloride’’ and iodide*** may also be used. 
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Raman Spectra 


The Raman spectra of the potassium halides have been studied in some 
detail, both experimentally*® and theoretically.”*° Infra-red absorption fre- 
quencies have also been measured.** For a review of the Raman effect in 
solids and a discussion of the vibrational spectra of the alkali halides, see 
Menzies’? (see also page 1380). 

A study**® of the Raman effect provides no evidence for the existence of 
undissociated molecules in aqueous solutions of potassium chloride at con- 
centrations up to 4N. Fine structure in the nuclear paramagnetic resonance 
absorption line for protons in KF, 2H,O has been studied.’? 

The infra-red spectra of crystals of KHF, and of KDF, have been exa- 
mined**** with the object of elucidating the structure of the bifluoride ion 
(Mellor,Suppl. 2, Part 1,234), now known to be symmetrical. 
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Colour Centres 


Coloured crystals of the alkali halides may be formed in two distinct ways: 
(i) by subjecting the crystal to ionizing radiation (e.g. y-rays, neutrons, X- 
rays, ultra-violet light), (ii) by the introduction of a stoicheiometric excess of 
alkali metal, achieved by heating the saltin the metal vapour. The coloration 
arises from a wide bell-shaped absorption band, the F-band,*® in the region 
4000 to 8000A., which appears to constitute a single transition, broadened by 
interactions with the lattice vibrations. There is, however, a shoulder and 
tail on the low-wave-length side of the F-band, called the K-band.** This 
appears to be intimately connected® with the F-band (see, however, *°7*%). 
The coloration of the alkali halides was first studied by Pohl and his colla- 
borators;* the subject proves to be of great interest in connexion with the 
study of the imperfections of the crystal lattice, and has attained growing 
attention (for reviews, see **). 

De Boer” first suggested that the F-centres”*’ (Farbzentren) responsible 
for the absorption are electrons trapped at a halogen-ion vacancy, thus:- 


+-+-+4 
-+[%]+-  F-centre 
+-+-+4 
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This view has been amply confirmed by later work: it may be noted, for 
example, that in additively coloured halides, (i) the colours are independent of 
the alkali metal used in coloration, and (ii) the number of F-centres, measured 
optically, proves to be equal, so far as can be determi ned, to the stoicheio- 
metric excess of alkali metal.** Concentrations as high as 10*° centres per 
c.c. can be produced. 

If cooled crystals containing F-centres are illuminated with light falling 
within the F-band, the number of F-centres decreases, so that the F-band is 
bleached, and at sufficiently low temperatures a new broad absorption band is 
formed at longer wave-lengths than the F-band, the F’-band. At the same 
time, the crystals become conducting.’*°* Measurement of the photo-current 
as a function of the incident light intensity leads to a determination of the 
mean distance which the electron travels before it is trapped. It turns out 
that this path-length is inversely proportional to the concentration of F- 
centres, so that the trapping centres are the F-centres themselves. The F’- 
centres are therefore considered to consist of two electrons trapped by an 
anion vacancy:- 


- +[e¢]+ - F' -centre 
+-+-+4+ 


Irradiation of coloured crystals within the F-band at room temperature and 
above leads to coagulation of the F-centres. Anion vacancies, formed by 
ionization of F-centres, join with cation vacancies to form pairs which are 
capable of rapid diffusion. In the initial stages of coagulation, R,, R,, M and 
N bands are observed in absorption.’**"** The centres may be represented as 
follows:- 


-+-+-4- 


circoban 


+—-t—-+-4+-4¢- 
LCG AR oa 


The end result of the coagulation process in additively coloured crystals is 
the production of colloidal aggregates**°*** of F-centres, indistinguishable 
from colloidal particles of alkali metal. 

Alkali halides containing F-centres show spin resonance absorption lines 
associated with the unpaired electrons in the F-centres. Study of (i) the g- 
factor, which determines the splitting of energy levels per unit magnetic field, 
and of (ii) the breadth of the absorption lines, shows that the electrons are not 
completely ‘free’. Seitz® concludes that ‘the electrons in the F-centres belong 
to the ions of the lattice in a very real way and are not confined entirely to the 
vacant lattice space. The interaction between the electron and the ions is 
sufficient to preclude the electron being treated exactly as if it moved in a 
central field’ (see also **~°’) 

Additively coloured crystals of potassium chloride, bromide and iodide and 
of rubidium chloride have also been shown to possess a sharp absorption band, 
the (-band, lying just towards the long wave-lengths of the fundamental ultra- 
violet absorption band,*%*° This 8-bandis closely associated with the F-band. 
If the crystal is irradiated in the F-band so that F’ centres are formed, the 6- 
band is also bleached and a new band, the a-band, appears at longer wave- 
lengths than the original B-band, but still close to the fundamental. On 
decomposing the F''-centres by warming, the B-band is regenerated alony with 
the F-band. There is evidence that the a-band is associated with the transi- 
tion of an electron from a halogen ion to an excited state near an anion 


61-72b 
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vacancy, while the B-band is believed to arise by transition to an excited 
state near an F-centre. 

Crystals coloured by ionizing radiation exhibit ultra-violet absorption 
bands, V-bands,****5? not shown by the additively coloured halides. In coiora- 
tion, electrons are transferred from the full band to anion vacancies, leaving a 
positive hole in the full electron band. This would be expected to be trapped 
at cation vacancies to give an absorbing centre, the V-centre, such as should 


also be found on treating crystals with an excess of halogen. 
sium bromide treated with bromine is found to possess V-bands. 
may be represented thus:- 


pe) Cal ba 


as a hole plus a cation vacancy. 


containing pairs of positive ion vacancies:- 
+--+ -+-4 
tees 
Oo 
+-{_J-LJ-+4+ 
-+-4+-4- 
V, V, 


On colouring at liquid helium or liquid nitrogen temperatures, the V, band, if it 
H-centres may be holes trapped: 


occurs, is masked by a strong band H.**%'5* 


at neutral vacancy pairs. 
For a photographic application, see *°. 


Indeed, potas- 
The centre 


Other bands, V,, V,, vary in intensity with 
the first power of the halogen pressure, and are thus associated with centres 
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Colour Centres in Mixed Crystals 


F-bands and other absorption bands have also been studied in the following 
systems: mixed crystals of potassium chloride-bromide,” potassium-rubidium 
chloride,*»? sodium-potassium chloride,” sodium chloride-bromide? and potas- 
sium bromide-rubidium chloride; sodium chloride-(silver),** sodium bromide- 
(silver),** potassium chloride-(silver),* potassium bromide-(silver),* sodium 
bromi de-(iodi de), ° potassium bromide-(iodide),©° sodium chloride-(nitrite),’ 
sodium bromide-(nitrite),’ potassium chloride-(nitrite),’ potassium bromide- 


(nitrite),’ potassium bromide-(nitrate),° potas sium schloride-(cadmium),’ sodium 
chloride-(calcium),’° sodium chloride-(cadmium).*° 
References 

I Meissner, G., Z. Phys., 1953,134, 576. 

Ja Meissner, G. & Pick, H., Z. Phys., 1953,134,604-9. (47,9755) 
2 Gnaedinger, R.J., J. Chem. Phys., 1953,21,323-30. (47,4747) 
3 Kaiser, R., Z. Phys., 1954,137, 104-12. (48,6253) 
4 Etzel, H. W. &Schulman, J.H., J. Chem. Phys., 1954,22, 1549-54. (49, 60) 


2018 POTASSIUM 59°22 


5 van der Vorst, W. & Dekeyser, W., Naturwiss., 1954,41, 280. (49, 4409) 
6 Delbecg, C. J., Robinson, J. E. & Yuster, P.H., Phys. Rev., 

1954,93, 262-3. (49,6251) 

7 Hutchison, E. &Pringsheim, P., J. Chem. Phys., 1955,1113-8. (49, 12969) 

8 Wardzynski, W., Bull. Acad. Polon., 1955,Classe III, 3, 169-73. (49, 14481) 

9 Shamovskil, L. M. & Gosteva, M.I., Zhur. Fiz. Khim., 1954,28,1266-71. (49,7986) 

10 Etzel, H. W., Phys. Rev., 1952,87,906-7. (46, 10906) 


Addition of Hydrogen 


Another absorption band, the U-band, appears relatively far in the ultra- 
violet region when the hydride of a given alkali metal is added to the corres- 
ponding halide. The U-centre appears to consist of a negatively charged 
hydrogen ion, H’, occupying substitutionally the position of a halogen ion. 
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Luminescence 


Crystals of the alkali halides have been found to luminesce under a 
variety of conditions, even when the substances have been supposed to be 
pure. Luminescence is for example observed when crystals are bombarded by 
particles, such as a-particles*’? or electrons,** or are subjected to the action 
of X-rays" or y-rays.** However, very small amounts of impurities have 
a drastic effect upon the properties of these substances;* for example, as 
little as 4 parts of copper in 10° of sodium chloride stimulates measurable 
luminescence.*’ It is therefore doubtful if all the reputedly ‘pure’ materials 
which have been studied have been adequately freed from impurity-ion activa- 
tors. A pure crystal, with no more than the normal concentrations of lattice 
defects, has presumably no detectable luminescent properties; but the attack 
of sufficiently energetic particles or photons may create sufficient lattice 
disturbances to lead to measurable luminescence, and a number of observa- 
tions have been made of the luminescence of crystals containing colour 
centres.”°? Thermoluminescence’®’? may also be observed, as for example on 
heating crystals which have been irradiated with X-rays at a low temperature. 

A complete interpretation of these phenomena remains to be found: even 
in the case of what might be expected to be one of the more simple problems, 
that of the luminescence of F-centres themselves, there is marked disagree- 
ment between present theory and experiment. The former’***? predicts F- 
centre fluorescence with high efficiency at long wave-lengths (~10,000A. for 
potassium chloride), while one set of experiments has been negative;*’ latterly 
what appears to be the predicted fluorescence has been observed,**® but with 
an efficiency of not more than about 1%. © 
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The results of experiments on the thermoluminescence of X-ray treated 
sodium chloride” are also difficult to understand. They suggest that there is 
a two-stage process in which the first stage is, by thermal activation, the 
elevation of trapped electrons from F-centres into the conduction band. In 
the second stage, electrons in the conduction band fall back into empty levels, 
of which at least five have been recognized, with widely differing probabili- 
ties.”° 

The degree of polarization of luminescent radiation has also been investi- 
gated.**** Luminescence has also been observed in crystallization from 
saturated solutions on addition of hydrochloric acid or on rapid cooling.’ 
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Activated Potassium Halides 


Large single crystals of the alkali halides may be prepared containing 
small amounts of an added foreign metal; in one instance at least, that of 
potassium chloride to which small amounts of thallium have been added, there 
is a random replacement of potassium ions by thallous ions throughout the 
lattice, and the optical phenomena are comparatively simple and are now well 
understood.*° 

In the ultra-violet region, the presence of a foreign ion commonly leads to 
the appearance of a new absorption band, lying to longer wave-lengths than 
the fundamental absorption band of the pure halide.”*® Measurement of the 
intensity of the vitra-violet absorption band leads to a determination of the 
number of dispersion electrons, and in potassium (thallium) chloride, this 
number proves to be equal to the number of thallous ions determined analyti- 
cally?¥°° (the analysis must be done on the crystal fof the concentration of 
thallium is less in the crystal than in the melt from which it is grown”). Thus, 
the thallous ions are dispersed randomly throughout the crystal. A second 
observation is that the ultra-violet absorption spectra of these impurity centres 


Refs. p. 20626 


2020 POTASSIUM 


are commonly similar to those of the analogous concentrated aqueous solu- 
tions. ’**’**** The variation with temperature of the absorption spectra of 
as has the effect of treating 


Among a number of activators, the action of the 
8y10,11,14,16-21,24-27,30 } 4 8)10,11,14,16,18-20 
? 


activated crystals has been studied, 1972215169252? 


the crystals: with X-rays.**° 

following has been investigated: thallium, 

copper, 917913915978 silver, 274*%8 nickel,?%?* tin,” thorium.” 
On the colours of natural rock salts, see *%°**. 
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Activated Halides: Luminescence and Phosphorescence 


Luminescence may be observed in alkali halide crystals containing small 
amounts of activating ions,’ such as_. thallium, 41% %e?ottet359t%22s2252%26-33 
silver, 17770973975s27934495 copper, #7791738 ni ckel, »*%?® manganese”? and lead.*?? 
Apparently the halides may al sobe activated by polysulphides.**© Luminescence 
is observed not only in the crystals, but also in concentrated aqueous solu- 
tions.** The phosphors are not photoconductors:** however, electron emission 
in sodium (silver 1*+5%) chloride has been observed after excitation.by X-rays.** 
Luminescence is often excited by light of appropriate wave-length, but it may 
also be stimulated by X-rays, y-rays, a-particles, protons and other particles. 
If energy is absorbed, for example by irradiation at a low temperature, it may 
be stored in the crystal as a defect of some kind, e.g. F-centres, and thermo- 
luminescence may be observed on raising the temperature as the defect 
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acquires sufficient thermal energy to escape from its trap. The analysis of 
glow curves, i.e. thermoluminescence curves for steadily rising temperature, 
thus gives important information about crystal energy levels:*°'77°97%19? 
studies of the variation of luminescence intensity with time *s72?7s19s'%'%1?5 and 
with wave-length of incident stimulating light’”?%°* are also of importance. 
On the luminescence of natural rock salts, see *°. 

Potassium chloride phosphors containing small amounts (~0:01%) of thal- 
lium have been examined in great detail, and their main properties are now 
elucidated (see reference 6, page , and ****: for further theoretical discus- 
sion, see also '*?°%*), The ground state of the thallous ion, Tl*, is 6s? *S,. 
The lowest excited states, arising from the configuration 6s6p, are *P,, *P,, 
°P, and *P,. As in mercury, the coupling is near j-j, so that the transition 
*P, < *S, may be expected to appear as a not very strongly forbidden transi- 
tion as well as the allowed transition *P, <- *S,. The former, in potassium 
(thallium) chloride gives rise to an absorption band at 2490A., the latter to a 
band at 1960A. In the lattice, the energy levels of the thallium ion are 
broadened by interaction with the six surrounding chloridé ions, and to a 
different degree and extent for the different energy states of Tl*. The opera- 
tion of the Franck-Condon principle is such that whereas the absorption °P, 
< 'S, lies at 2490A., the luminescence emission corresponding to the same 
transition has its maximum at 3050A. Similarly excitation to the *P, state by 
absorption at 1960A. gives rise to fluorescence radiation at 4750A. If the 
crystal is irradiated at a low temperature, the metastable states *P, and °P, 
may become appreciably populated. Since transitions to the ground state from 
these excited states are forbidden, energy is stored in the crystal until suffi- 
cient thermal energy is available for a radiationless transfer from the meta- 
stable states to one or other of the excited states which can combine with the 
ground state. On heating the excited crystal, it is found that there are two 
bursts of emission, one at about 200°K., the other at about 300°K., corres- 
ponding to traps about 035 and 0«72eV. deep, respectively. This picture of 
the transitions in the potassium (thallium) chloride phosphor has been quanti- 
tatively confirmed by absolute calculations by Williams, based on the lattice 
energy of the crystal and the wave-functions for the thallous ion.°?™** 

In contrast, sodium (silver) and potassium (silver) chlorides show non- 
uniform distribution of activator.*° The energy changes and displacements 
following the introduction of Mn*t ions into the sodium and potassium chloride 
lattices have been calculated.* 
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Scintillation Counters 


Activated crystals of the alkali halides, of which sodium iodide (thallium) 
has proved to be one of the most important, are among the substances which 
luminesce on exposure to particles such as a-particles and protons or to 
y-ray, A-ray or ultra-violet photons of above a minimum energy. The lumines- 
cence may be observed by a photomultiplier the output of which is amplified to 
give a voltage pulse following the absorption of a particle or photon by the 
crystal. This arrangement constitutes a scintillation counter, having proper- 
ties as a detector of nuclear radiation, especially high sensitivity to y-rays, 
rapid response time and high resolution, which render it superior for many 
purposes to other detectors such as the Geiger-Miller counter.** 
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Potassium Sulphate 


The isotope effect inthe infra-red absorption spectrum of potassium sulphate 
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has been noted.* An electronic band system shown by potassium perman- 
ganate-potassium sulphate crystals has been studied at low temperatures.” 
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Potassium Carbonates 


Infra-red powder absorption spectra have been observed for potassium 
bicarbonate’ and potassium carbonate.” 
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Potassium Nitrate 


The Raman spectrum of potassium nitrate has been studied in aqueous 
solution,’ in the crystal,* and in the fused state.** The frequencies of the 
nitrate ion are lower in solution than in the crystal,’ but the frequencies of the 
nitrate ion in the fused salt* are little altered from their values in the crystal, 
and it is concluded that the individual ions persist unchanged in the melt. 
The assignment of frequencies to vibrational modes has been discussed,* and 
details have been elucidated through observations on theinfra-red spectra®® of 
samples in which 50% of the nitrogen content was **N. The Raman spectra of 
mixed crystals NaNO,-KNO, have also been examined.’ 

The ultra-violet absorption® and reflexion’ spectra have been studied. 
Enolization in solutions of potassium nitrate in acetone has been studied by 
observations of their infra-red spectra.*° 
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Potassium Phosphates 


Infra-red powder absorption” and reflexion®** spectra have been reported for 
a number of potassium phosphates. The Raman effect in Graham’s salt has 
also been examined.® The frequency of the O-H stretching vibration in 
KH,PO, is found® at 2370 cm.”, i.e. at about 1330 cm.” less than the normal 
value, indicating strong hydrogen-bonding. The infra-red spectrum of KD,PO, 
has also been studied.° An interpretation of the splitting of the O-H frequency 
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observed in the Raman effect has been given.’ The ultra-violet absorption 
spectra of a number of potassium phosphates have been examined.” 
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SECTION LX 
THE ANALYTICAL DETERMINATION OF POTASSIUM 
By H. V. TEOMPSON 


DETECTION 


. The sensitivity of the flame test for potassium is said to be greatly 
increased by using as a filter an aqueous solution of chrome alum (310 g. per 
1.) which completely absorbs light from the alkaline earth metals, sodium and 
lithium, but transmits that from the other three alkali metals, the potassium 
flame appearing crimson.» Attention has been directed to the quality of the 
cobalt glasses commonly used in the flame test as many of them absorb the 
red lines which are most readily detected in a spectroscope.” The spectro- 
graphic limit of identification of potassium has been found to vary widely with 
the form in which the element is introduced,* and the sensitivity also depends 
on the mode of excitation in the ascending order spark, flame and arc.* 

In the standard cobaltinitrite test for potassium the interference of am- 
monia and ammonium salts can be prevented by the prior addition of formalde- 
_hyde, whereby hexamethylenetetramine is formed,*’® and the test has also been 
modified by treating the well washed precipitate with ammonium sulphide to 
give cobalt sulphide.”” If zinc or magnesium cobaltinitrite is used, it is then 
possible to test for sodium in the filtrate from the precipitated potassium 
salt.*°** Several variants of the normal reagent have also been proposed.**** 
Reed and Withrow recommend the use of zirconium sulphate and claim that this 
reagent is nearly as sensitive as the cobaltinitrite test and superior thereto in 
that the other alkali metals, magnesium and the ammonium radical do not 
interfere.***’ Potassium forms sparingly soluble salts with a number of nitro 
or polynitro organic compounds, e.g. picric acid,”** dipicrylamine,**** Naph- 
thol Yellow S,*** 4:6-dinitrobenzofuroxan,*” a dilituric (S-nitrobarbituric) 
acid*!*657 and certain nitrosulphonic acids, *! all of which have been sug- 
gested as suitable reagents for the detection of the element. A few papers 
have been published on reagents for the detection of potassium with particular 
reference to the sensitivity and specific nature of the tests.‘°**’*” 


DETERMINATION BY CHEMICAL METHODS 


Within the last twenty-five years a number of reviews have appeared on the 
determination of potassium by gravimetric, volumetric and physical methods, 
on both the macro and the micro scale.** A453 


Gravimetric Methods. 

The three methods most commonly used for the determination of potassium 
are the cobaltinitrite, the chloroplatinate and the perchlorate methods. The 
first of these is based on the precipitation of a complex potassium sodium 
cobaltinitrite which when dried to constant weight is assumed to have the 
composition, K,NaCo(NO,),,H,O. Casium, rubidium’ and ammonium must be 
absent as they also form sparingly soluble cobaltinitrites, but magnesium, 
zinc, calcium, strontium, aluminium and iron do not interfere.” 62 Other co- 
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Although the separation of potassium from sodium is quantitative, a con- 
siderable volume of evidence has accumulated which suggests that the 
composition of the precipitate is influenced by a number of factors and that 
reliable results can only be obtained by making a parallel determination with a 
known and comparable amount of potassium.®*”° Indeed, Duval concludes as 
a result of thermogravimetric analysis that ‘the use of this mixed complex 
ought to be banned from gravimetric and microgravimetric analysis (especially 
from its practical application to the determination of potassium in blood and 
urine)’.”” On the other hand it is claimed that by careful attention to condi- 
tions of precipitation and by evaporating the mixture to a pasty mass before 
filtration the inherent errors in the method can be so reduced as to give satis- 
factory results, particularly in the field of soil analysis’”**° and biochemical 
assays,**** although a volumetric rather than a gravimetric finish is often 
preferred (see below). 

In micro determinations a number of analysts recommend comparing the 
height or volume of the precipitate measured in a centrifuge tube with that 
obtained from standard solutions of potassium.*?** 

The chloroplatinate method®* is based on (i) the quantitative conversion of 
the mixed chlorides of sodium and potassium into chloroplatinates on treatment 
with hydrochloroplatinic acid, and (ii) the very slight solubility of potassium 
chloroplatinate in aqueous ethyl alcohol in which the sodium salt is readily 
soluble. 

The concentration of the alcohol is important, however, as there is much 
evidence to show that high concentrations of alcohol give high results and 
vice versa.°°'°? In general practice alcohol of 80 to 85% strength is used. 
Low results have also been attributed to traces of aldehydes in the alcohol. 
Conditions of precipitation likewise affect the accuracy of the determination 
and the concensus of opinion is that a dilute solution of the mixed chlorides, 
containing only a slight excess of hydrochloroplatinic acid, should be eva- 
porated to a syrupy consistency before extraction with alcohol. +40 After 
filtering and washing, the precipitate is then dried to constant weight. 

Lithium, sodium, magnesium, calcium and strontium do not interfere, but 
any rubidium or caesium will be precipitated with the potassium. It is also 
essential to carry out the whole determination in an atmosphere free from 
ammonia to avoid the formation of ammonium chloroplatinate which, like the 
potassium salt, is sparingly soluble in alcohol. 

In the presence of barium, aluminium and iron, the chloroplatinates of 
which are either soluble in or decomposed by alcohol, the impure, washed 
precipitate is redissolved in water, reduced, and the platinum weighed.*****5 
This modification also enables a determination to be made in the presence of 
borates, nitrates, phosphates or sulphates, but as a general rule it is ad- 
visable to remove all metals and acid radicals other than the alkali metal 
chlorides by a Lawrence Smith separation. 

Although the chloroplatinate method is held by many to be the most 
accurate method for the determination of potassium, the cost of the reagent is 
a serious drawback and necessitates the recovery of the platinum from all 
residues and its reconversion into hydrochloroplatinic acid.****7 

Both the principle and the practice of the perchlorate method run parallel 
to the separation of potassium and sodium as their chloroplatinates, and as 
far back as 1831 Sérullas proposed it for the determination of potassium,** 
but it was not until many years later that the method was placed on a sound 
analytical basis.'7*7°"**” Itis now widely used, and in many instances, notably 
in the field of silicate analysis, it has superseded the chloroplatinate method, 
not only on economic grounds, but also as giving more trustworthy results 
without any additional manipulation. 
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The solution, which should contain only the chlorides or nitrates of the 
alkali metals, magnesium, calcium or barium, is evaporated with an excess of 
perchloric acid until it fumes strongly, then diluted with water and. evaporated. 
to complete dryness. On treating the dry mass with 97% alcohol containing 
0:25% of perchloric acid, only potassium perchlorate remains undissolved, 
together with the perchlorates of rubidium and caesium, if present. As in the 
chloroplatinate separation, ammonia fumes must bé rigorously excluded 
throughout the whole determination. 

The preparation of lithium and sodium tetraphenyl boron, XB(C,Hs),, 
coupled with the discovery that the corresponding potassium, rubidium, 
czsium and ammonium complexes are highly insoluble, has pointed the way 
to what may well be the most accurate method yet devised for the determination 
of potassium,.*?7*** 

Quantitative examination of this new procedure at once indicated its 
possibilities**”***"***°’ and subsequently a systematic investigation established 
that in 0-1N-mineral acid solution the reagent is specific for potassium and 
ammonium, also for rubidium and caesium, if present; copper, magnesium, 
calcium, aluminium, ferric iron, cobalt, nickel, manganese, sulphates and 
phosphates do not interfere, but mercuric mercury must be absent.*** After 
precipitation at room temperature with 2 solution of pure sodium tetraphenyl 
boron,*** the precipitate is filtered off without delay, and washed with a 
saturated aqueous solution of the reagent before drying to constant weight, 
but the determination can be completed volumetrically.****** In the presence 
of ammonium salts the mixed precipitate is filtered off, dissolved in acetone 
and the ammonium complex alone decomposed by evaporation with a solution 
of sodium hydroxide until all the acetone has been driven off.*** When only 
small quantities of ammonium salts are present the addition of formaldehyde 
has been recommended.** 

This new method has already been successfully used for the determination 
of potassium in biologicai materials,***’'° fertilizers,** coal ash**’ pharma- 
ceutical preparations;** and silicates.***® 

Among miscellaneous methods for the determination of potassium, precipi- 
tation as the perrhenate*** or periodate***® is analogous to the perchlorate 
separation and in both cases the conversion factor is more favourable. 

A number of chemists have advocated the use of dipicrylamine and its 
salts,'*°'®? though some unfavourable comment has been reported.****** Other 
reagents which have had a limited application are picric acid,*** 5-nitrobarbi- 
turic (dilituric) acid,*°*°’ zirconium sulphate,’ sodium 2-chloro-3-nitro- 
toluene-5-sulphonate,'5*’ 5? and fluoboric acid.'*** None of the above reagents 
effects the separation of potassium from rubidium and caesium. 


Volumetric Methods. 

Among the various methods used for the volumetric deterriination of 
potassium, a number depend on precipitation as the cobaltifitrite and oxidation 
of the nitrite with a standard solution of potassium permanganate®?*?* or 
ceric sulphate.*®*”® Alternatively, a measured excess of the oxidizing agent 
is added and the excess determined by appropriate back titration, e.g. with 
sodium oxalate,’7”*** or iodometrically*?*** with permanganate, or iodometri- 
cally?°™?° or via a ferrous salt”? when ceric sulphate is used. A standard 
solution of chromic acid has also been recommended as the oxidizing 
agent. 203204 

Provided that the precipitated cobaltinitrite has the exact composition, 
K,NaCo(NO,),, 1 ml. of 0+1N-oxidizing agent represents 0-652 mg. of potas- 
sium, but this assumption is open to doubt and in a number of instances the 
use of an empirical factor has been reported.*°°?* 

In other procedures, the cobaltinitrite precipitate is either converted into a 


Refs. p. 2030 


2028 POTASSIUM 60-1 
mixture of neutral chlorides which are then titrated?’”’*° or decomposed by 
excess of standard acid, followed by back titration.**7**1? Here also the 
accuracy of the determination is based on the above mentioned assumption. 

When the potassium has been separated as chloroplatinate, the precipitate 
is redissolved and reduced and the chloride then titrated;**”* alternatively 
the chloroplatinate can be converted into the corresponding iodo salt by the 
addition of potassium iodide and the solution then titrated with sodium thio- 
sulphate,7*?7* 

Although avolumetric finish has frequently been applied to the old process 
of determining potassium by precipitation as its acid tartrate,?”?**° it is very 
doubtful whether the results are of any value except as an approximate method 
for works control.””7**” Other volumetric procedures which have been worked 
out depend on the initial precipitation of the potassium as perchlorate,**° 
periodate,*** potassium calcium ferrocyanide, K,CaFeC,N,,7""* phospho- 
molybdate,*** or phosphotungstate,**°’*” or with dipicrylamine,**” or dili- 
turic.acid.**°* The volumetric determination of potassium after precipitation 
with sodium tetraphenylboron has already been mentioned (see page 2027). 


DETERMINATION BY PHYSICAL METHODS 


Physical methods are included among the methods which have been 
reviewed (see page 2025). ? 


Colorimetry. 

A number of colorimetric methods applied to the cobaltinitrite procedure 
hinge upon the quantitative formation of a compound suitable for colorimetric 
comparison from either the nitrite or the cobalt content of the precipitated 
cobaltinitrite. When the approach is through the nitrite, the usual procedure 
is to form an azo dye from the nitrous acid liberated in acid solution.%*?** 
Cobalt gives a stable red complex when treated with Nitroso R salt (disodium 
l-nitroso-2-hydroxy-naphthalene-3:6-disulphonate),*°"757"*° and with soluble 
thiocyanates it forms a deep blue alkali metal cobalt tetrathiocyanate,7*** 
soluble in various organic liquids, and both these compounds have been made 
the basis of colorimetric determinations. 

Among other organic reagents which have been similarly used are in- 
dole,*°*”° dimethylglyoxime and sodium sulphide or benzidine,***** choline 
hydrochloride and sodium ferrocyanide,*’** cysteine hydrochloride and 
hydrogen peroxide,””° phenoldisulphonic acid,?” antipyrine,?”” 8-hydroxyquino- 
line?”** and ethylenediaminetetra-acetic acid (disodium salt).°"° A few 
methods rely on the development of a colour when potassium cobaltinitrite is 
treated with inorganic reagents.””*~”° 

When only small quantities of potassium are to be determined by the 
chloroplatinate procedure, the colour of the aqueous solution of the chloro- 
platinate is not sufficiently intense for measurement and either the acid solu- 
tion is reduced with stannous chloride giving a yellow solution of colloidal 
platinum,?’”*”? or, more usually, chloroplatinate is converted into iodoplatinate 
and the comparison made through the latter salt.*°**° Nevertheless, for 
larger quantities of potassium the use of the aqueous solution of the chloro- 
platinate is reported to be more advantageous.” 

The potassium salt of dipicrylamine has been found suitable for colori- 
metric work”***! and, as the technique presents no difficulties, the accuracy 
of the method depends on the quantitative precipitation of potassium by this 
reagent. The use of picric acid instead of dipicrylamine has also been 
proposed, *°?*°* but the above limitation also applies to this procedure. Colori- 
metric methods for the determination of potassium have been reviewed by 
West.*”* 
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Polarography. 

For the reason already explained (see page 1384), a direct polarographic 
determination of potassium is not possible, except in a solution containing 
lithium alone of the alkali metals, without at some stage interposing a chemical 
Separation of sodium and potassium, assuming that the possible presence of 
rubidium and caesium can he ignored. 

Sometimes, however, caly the sum of the sodium and potassium may be 
needed, and this can be determined with a reasonable degree of accuracy for 
smaller contents of the two elements, provided that the ratio of potassium to 
sodium is approximately constant in the different samples under examina- 
tion,°°> 308 

An indirect method for potassium in blood is based on determining the 
polarograms of a solution of dipicrylamine saturated with potassium before 
and after addition to the ashed blood serum.*°® In a parallei procedure sodium 
cobaltinitrite is used instead of dipicrylamine*™” and in another method the 
potassium is precipitated with sodium tetraphenylboron,the excess of reagent 
being determined by polarographic titration.°°° Like sodium, potassium can 
be determined polarographically in the presence of up to a 50-folc excess ot 
lithium (see page | 384). 


Flame Photometry. 

The determination of potassium and sodium by flame photometry is be- 
coming of increasing importance in a number of different analytical fields, not 
enly on account of rapidity in operation but also because of the close agree- 
ment of the results with those obtained by the time-consuming classical 
methods, **°%%° 

A review of the literature suggests that the reported interference of other 
metals may depend to no small extent on the type of photometer used, and on 
the technique used in preparing the solution;***** otherwise it is difficult to 
account for conclusions that are at times entirely contradictory. For instance, 
it has recently been claimed that the accuracy of the determination of the 
alkali metals in refractory materials is impaired by the presence of aluminium, 
iron, calcium and magnesium and that appropriate corrections must be made,**° 
whereas there is a very substantial volume of evidence drawn from the analysis 
of clays and ceramic products which entirely negatives this view.****” 

When calcium is present in small proportions a photometer with a coal gas 
burner is advantageous as the temperature of the flame is not sufficiently high 
to excite many calcium lines and any interference can be eliminated or reduced 
to negligible proportions by using a suitable filter.**° Even with high per- 
centages of lime an accurate determination is still possible by employing a 
reference solution containing lime and sodium and/or potassium in the propor- 
tions indicated by an exploratory photometric analysis. For example, the 
following are certified values for the alkali metal oxides compared with those 
obtained by flame photometry in a U.S. Bureau of Standards argillaceous 
limestone containing about 38% of lime:-*** 


K,O Na,O 


Classical 1+17;1+12  0+34;0+33% 
Flame Photometry 1+16;1:15 0+26;0°30% 


The presence of barium or zinc**”*5? has been reported to cause interference 
so appreciable as to necessitate the prior removal of either element. 

A study of the effect of common anions on the determination of amounts of 
sodium and potassium of the order of 10 p.p.m. has shown that ‘nitric acid has 
no effect up to 1:0 N., at which concentration the interference of sulphuric 
acid just begins to be apparent, while hydrochloric and phosphoric acids, 
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notably the latter, produce serious interference within the range 0+1 to 1-0 
N, 353,354 


Spectrography. 

Comment on the spectrographic determination of sodium (see page 1385) 
applies equally well to potassium, though here there may be a slight bias in 
favour of an arc technique in which the use of sodium or copper as an internal 
standard has been recommended.*****? | 

As with sodium, spectrographic analysis is extensively used for the 
determination of potassium in biological work;*®*” 
applied to other types of materials,*’’**° especially those in which the 
concentration of potassium is so low that an error of 10 to 15% in the actual 
amount of the element is of little or no analytical significance. In favourable 
circumstances the upper limit at which a satisfactory degree of accuracy is 
obtainable may be extended to at least 4% of potassium. 


Radioactivity. 

The B-ray activity of potassium, due to the presence in it of the isotope 
*°K, has been used for its determination®****** and, although a high order of 
accuracy is not always obtainable, the method has been found useful for 
control purposes, provided that no other radioactive element is present. 
Numerous patents have been taken out for an apparatus whereby potassium is 
estimated by measurement of its y-radiation,**’*** and the- intensity of the 
X-ray emission lines from potassium has also been used for the determination 
of the element.*°”*?* 


Miscellaneous Methods. 

For low concentrations of potassium, turbidimetric measurement of the 
precipitated cobaltinitrite has been recommended, ***”° and gasometric methods 
have been applied by utilizing the reaction between the nitrous acid liberated 
from the cobaltinitrite and either ferrous sulphate*®**®* or sulphamic acid,*°**"* 
according to the equation: NH,.HSO, + HNO, = N, + H,SO, + H,O. 
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SECTION LXI 
THE BIOLOGICAL PROPERTIES OF POTASSIUM 
By F. CALL 


INTRODUCTION 


Potassium appears to be essential for the maintenance of all forms of life 
and the internal concentration is closely regulated in the more highly develop- 
ed organisms by control of the rates of uptake and excretion. Malfunctioning 
and even death result from a deficiency or an excess of potassium in the 
organism, and for health the available supply of the element must be main- 
tained within certain limits. 

Potassium is found almost universally as the principal inorganic cation 
inside living cells whereas sodium is the most abundant cation in the extra- 
cellular fluids of animals. This distribution of the two cations is main- 
tained by differential permeability of the cell wall combined with active trans- 
port of the sodium ion out of the cell. The resultant distribution is partly 
responsible for the production of bio-electric potentials and is intimately con- 
nected with the conduction of nerve impulses and the contraction of muscle. 
The appropriate section of the Chapter dealing with the biological properties 
of sodium should be consulted in connection with these topics. 

In the present review selection has had to be made from many thousands 
of references and most articles of purely medical interest have been excluded. 
Attempts have been made to restrict discussion to the biological properties 
of the potassium ion, but it has not always been possible to discriminate 
clearly between the effects of the cation and those of the anion. Most of the 
common salts of potassium such as the chloride, hydroxide, nitrate, sulphate, 
etc., have been included when it was clear that the anion, pH etc., did not 
play the dominant role. 

In view of the very wide field the subject has been subdivided under the 
following headings: 


1 Potassium and micro-organisms 
2 Potassium and plant growth 
i Occurrence and distribution in soils 
ii Potassium as fertiliser 
iii Occurrence in plants 
iv Deficiency in plants 
v Absorption by plants 
vi Physiological effects on plants 
vii Effects on plant metabolism 


0] Potassium and marine or freshwater 
organisms 
4 Potassium and invertebrates 


i Insects 
ii Other invertebrates 

5 Potassium and vertebrates 
i Occurrence and distribution 
ii Growth requirements 
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iii Deficiency 

iv Toxicity 

v Metabolism 

vi Sweat and temperature regulation 

vii Excretion 

viii Physiological effects of potassium 

(a) on whole organism 

(6) on muscle 

(c) on heart and vascular system 

(d) on brain and nerve cells 

(e) permeability and active transport 
6 Enzymes 


1 POTASSIUM AND MICRO-ORGANISMS 


Few actual determinations have been reported of the normal potassium 
content of micro-organisms. The smooth and rough variants of a strain of 
Bacillus proteus contained respectively 1¢9-2°0 and 2-9—3:0% on a dry weight 
basis.’ The mycelium of Penicillium chrysogenum had a potassium content 
of 10%,” agreeing with the lower of the above values, whereas the mycelium 
of the dry rot fungus, Merulius lacrymans, was very rich in potassium.’ 

The growth requirements of micro-organisms for potassium have been re- 
viewed’ and a positive requirement has been demonstrated for a number of 
species of bacteria, yeasts and fungi.°® In general, stimulation of growth 
occurs over a range of concentrations, growth being inhibited at very low and 
at high concentrations. In some cases the concentration range is very narrow’? 
and is reported as the optimum concentration for greatest growth of bacteria,’? 
flagellates’*® and fungi.'** Analysis of the culture filtrate of Mycobacterium 
tuberculosis shows that potassium is taken up by the culture at a definite 
rate, 10g. of potassium being consumed per mg. dry weight of bacteria.*® The 
toxicity of potassium salts as measured by the effects on yeast cells decreas- 
es in the order bromide, chloride, nitrate and hydrogen sulphate, the latter 
being of very low toxicity.*” Potassium may partially*® or completely’? replace 
the sodium required by halophilic bacteria while sodium may be partially sub- 
stituted for potassium in the nutrition of Aspergillus niger*® except in the case 
of extreme potassium deficiency.”* Rubidium is interchangeable with potas- 
sium as regards effect on the growth of bacteria.**?? Although multiplication 
of tobacco mosaic virus in tobacco plants appeared to be independent of the 
potassium concentration in the nutrient solution,?*® potassium has been shown 
to be necessary for the growth of influenza virus in chick embryos.” Most, 
though not all, strains of the bacteriophage of Bacillus megatherium are 
rapidly inactivated by solutions containing potassium ions.”* The rate of 
reproduction of the parasitic nematode Meloidogyne incognita in lima bean 
plants appears to be limited by the amount of potassium available to the 
plant.”° 

There have been a number of observations of the effects of potassium sup- 
ply on the morphology of micro-organisms. Thus, a deficiency of potassium 
induces the growth of filamentous cells in the bacteria Clostridium perfringens?’ 
and Moraxella lwoffi?* and in the fungi Candida albicans”’ and Actinosphaerium 
eichorni.*° Comparable morphological changes have been observed in yeasts.* 
A deficiency of potassium inhibits the sporulation of a number of species of 
bacteria*™** and fungi,**°° similar inhibition also occurring at high concentra- 
tion of potassium.*’ 

The stimulating effect of potassium on the growth of Micrococcus pyogenes 
does not appear to be connected with the metabolism of sugars.** Although 
some evidence has been produced to support the view that potassium is not 
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essential for fermentation, growth or resting metabolism of yeast cells,*’ it is 
generally agreed that fermentation is stimulated by the element and ceases in 
its absence.*°** There is an antagonistic and competitive relation between 
the effects of potassium and hydrogen ions.***? Potassium also causes a 
competitive reversal of the inhibition by sodium, ammonium or caesium ions 
of glycolysis bv resting cells of Lactobacillus arabinosus.** During the 
initial stages of fermentation by Escherichia coli potassium is taken up from 
the medium by the cells, to be released later. Glucose is used up at an ab- 
normally high rate during this period of potassium uptake.** The uptake of 
potassium is in accordance with a Langmuir type of adsorption isotherm and 
it is Suggested that adsorption Sites are created by metabolic intermediates 
of glucose.*® Potassium ions appear to be necessary for the formation of 
fructose 6-phosphate by yeast*’ and for the anaerobic decomposition of pyruvic 
acid to acetoin by Lactobacillus arabinosus,** and appear to favour the _forma- 
tion of 3-phosphoroglyceric acid from pentoses by Escherichia coli.*° The 
rate of acid | production by a number of different species of bacteria,°®*’ fangite 
and yeast™* also increases, often markedly, with the potassium content of the 
medium. Potassium was found to stimulate, sodium to retard, the respiration 
of Azotobacter chroococcum, the effect being general and not on one particular 
enzyme system.*’ Potassium also appears to play a part in the formatirn of 
acetone by Clostridium acetobutylicum,®® of polysaccharide by Aero>acter 


aerogenes,’ of fat by Aspergillus and Penicillium species,®* in the de» -l1a- 


tion ot aspartic acid by Proteus X-19°° and in the assimilation of amin. ids 
by various species of bacteria and yeasts.°° The potassium content of the 
medium has been found to have considerable influence on more comp! «:ed 


€2 


-processes such as the formation of flavin pigments by Aspergillus fle ME 
of candicidin by Streptomyces griseus,” and of unknown pigments by Si<ig- 
matocystis nigra,® on the intensity of luminescence of Bacterium phosphorewin, ae 
and the optimum temperature for growth of yeast cells® and on the antibac- 
terial action of triethanolamine.*° 

Actively respiring yeast cells are found to take up potassium ions from the 
medium and to release hydrogen ions to the medium, the movements of the ions 
being reversed when the intensity of respiration slackens.°°® Similar ion 
shifts have been observed with Chlorella®’ and Bacterium lactis aerogenes.” 
Although it was at first thought that the uptake of potassium is simultaneous 
with the formation of glycogen,” it is now known that glycogen formation i225 
behind the ion exchange, which is very rapid, and results from the formatic: 0. 
acid inside the cell, largely succinic acid.”*”* The enzyme inhibitors fl > 
ion and iodoacetate ion cause a loss of potassium from the cell.”* A sim ler 
metabolically regulated ion exchange occurs between sodium and potassium, 
the electrical potential between cell and medium depending on the ratio of the 
two ions inside the cell. An oxidation-reduction transport theory has been 
suggested to explain these phenomena.’°”’’ 
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2 POTASSIUM AND PLANT GROWTE 


The importance of potassium for plant nutrition has been recog:. 
many years and there are a number of general reviews covering bot. r 
and more recent work.*?* 
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(i) Occurrence and distribution in soils 


The natural potassium content of soils arises from the weathering of cks 
and minerals and this process may be still an important source in some s* 3.” 
Some types of lake bottom soils are almost completely deficient in potas “n.° 


Analysis of data from the examination of many samples of Mecklenberg soils 
showed that the soil potassium content is related to soil type, pH or ci 
Thus, sandy soils tend to be deficient in potassium, while high rainfall ieads 
to greater leaching of bases from the soil with resulting lowering of pH. fo 
general the vertical distribution of available potassium in a wide variety of 
soils shows the same pattern, a steady decrease with depth,*” although the 
actual pattern of variation may depend on the soil type.”*° Application of 
potash fertilisers increases the potassium content of light soils to 4 inuch 
greater depth than for medium or heavy soils.*”*? Prolonged cuitivatioi may 
affect the potassium distribution,’* while a forest fallow results in a decrease 
of potassium.** 
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Fixation in Soils. 

The fixation of potassium by soils with special reference to India has 
been reviewed.** The application of potash fertilisers to soils may result in 
some or all of the applied potassium being fixed in the upper layers of the 


soil.*°?* This fixed potassium may or may not be available to plants and it 
was arly recognised that the clay minerals are responsible for the pheno- 
meici. It has been suggested that potassium may exist in soil in four dif- 
fex.o° forms: soluble, exchangeable, fixed (not directly exchangeable) and 
lat. ., the first three forms being in equilibrium with each other.”* Strong 
fixe of potassium is found in soils containing montmorillonite. Kaolinit- 
1é fix insignificant amounts of potassium, but contain large quantities in 
tl ingeable form. Potassium fixed by montmorillonite soils is released 
c -ion of the soil by calcium ions. More potassium is fixed and made 
f co leaching on drying the soil, indicating that the metal enters into 
al lattice of montmorillonite.*** It is possible that in heavily ferti- 
saline soils montmorillonite may be converted to illite, and such a 
ce on has been demonstrated experimentallv.”® Illite has been shown 
to _in the clay fraction of soils which fix potassium strongly?’ and the 
fi: 1 of this or similar minerals may provide a mechanism for holding 
po m in the soil against loss by leaching and yet release the element 
ge: y to plants.?* Other clay minerals thought to be associated with potas- 
1 <ation include the new mineral ammerzodite,?’ muscovite,*”*! sericite®* 
' microcline fraction of silt.*** The type of clay mineral may deter- 
i _ rate of release of the fixed potassium to a form available to plants*™ 
¥ ith the degree of fixation and the rate of release appear to depend on 
ive | potassium content of the soil.** Some soils such as dark chestnut 
so; s ay fix potassium without transforming it into the non-exchangeable 
forr ; 

-erimental studies of potassium fixation the amount available and the 
rat. ‘ease may be determined after applying electrodialysis,***? leaching 
with .c solutions*® or growing crops.*' All these methods appear to class 
soi! cae same order as regards availability of potassium. Alternate wet- 
ting . drying of soils treated with potassium salt solutions cause rapid 


fixatier of potassium, whereas little fixation occurs when the soil is kept 
contin ously moist.**** Fixation is greater from solutions of potassium car- 
bona.. than from solutions of the chloride.**** The effects of other additional 
ions ° {fer with the ion species, with the concentration and perhaps with soil 
type. Thus, sodium chloride may diminish fixation,** increase it*® or have 
no e*rct.*® Calcium salts appear to increase fixation*”*® but this may be due 
to changes of pH.°° Soils containing fixed potassium ion have little or no 
fixing j>ower for ammonium ion.*¥*? It is interesting to note that fixed potas- 
sium fromotes the fixation of atmospheric nitrogen by Azotobacter; the effect 
of pot» ssium ion in free solution on this nitrogen fixation is much less.** 


Excha..geable Potassium in Soils. 

‘4, definite relationship has been demonstrated between the soil content of 
exchangeable potassium and the yield of crops grown in that soil.*“°° Humus 
and leaf litter do not appear to bind potassium as an exchangeable cation 
although calcium may be so bound.*’ In soils potassium is steadily con- 
verted from an unexchangeable to an exchangeable form in the presence of a 
growing crop’® and nitrifying bacteria have been shown to cause the conversion 
of the potassium of leucite to an exchangeable form in the presence of exchange 
resins saturated with ammonium and phosphate ions.*® The order of the in- 
creasing stability of the minerals occurring in soil (increasing resistance to 
exc).<.,c¢ of potassium) is: kaolin, muscovite, microcline and montmorillon- 
ite, 3. that exchangeable potassium should be largely associated with mica 
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and kaolin.*** The particle size of these minerals has, however, been shown 
to affect the adsorption strongly.®* It has been claimed that most of the ex- 
changeable potassium in soil exists as hydrated potassium aluminium silicate 
(potassium zeolite)” and the hydrolysis of such artificially prepared zeolites 
has been studied. The calculated values of the concentrations of potassium 
ions in the soil solution agree very closely with typical experimental values.®* 
The amount of potassium released by soils on leaching with solutions of dif- 
‘ferent acetates depends on the predominant cation in the leaching solution 
and it is found that ammonium acetate gives the best estimate of exchangeable 
potassium.*° The total exchange and also the relative amounts of cations 
exchanged in soils vary with the moisture content of the soil and with the 
soil type.°’ The concentration of potassium ions in the soil solution depends 
also on the ratio of the concentrations of calcium to potassium ions in the 
soil.°*’* The activity of potassium in a number of clays and clay minerals 
is increased by calcium’*”’ and by magnesium.”* The energies of exchange 
of calcium by potassium in soils have been computed from the cationic com- 
position of water extracts of the soils and it is found that energies ranging 
from —3500 to —4000g.-cal. are associated with potassium deficiencies in 
plants, while energies from —2500 to —3000g.-cal. are satisfactory.’* Phos- 
phate fertilisers also increase the solubility of soil potassium®™* while potas- 
sium salts decrease the retention of phosphate ion.*? Both ammonium chloride 
and ammonium sulphate increase the exchangeable potassium content of soil, 
the former salt having the greater effect.°»™ 


Movement and Leaching in Soils. 

In many Soils a large proportion of potassium salts applied to the soil is 
rapidly removed by leaching. The rate of leaching is influenced by cultiva- 
tion,”*° the pH, the rate of percolation and the level of exchangeable potas- 
sium in the soil.®’ Leaching is less under crops, since transpiration and 
surface evaporation reduce the proportion of surface water infiltrating.°* In 
some soils exchangeable potassium lost by leaching may be replaced by re- 
lease from fixed potassium.*® Loss of potassium by leaching is greater in 
sandy than in clay soils.*° The rate of loss is at first great but falls off with 
continued irrigation.”? Potassium tends to accumulate above the packed 
layer of soil resulting from ploughing (plough-sole) except when the soil con- 
tains much humus which forms soluble salts with potassium.”* Studies of 
the movement of potassium in different soils show that in general the element 
tends to accumulate in the B, horizon.*°* Other ions have an effect on the 
rate of leaching. Thus ammonium sulphate increases the rate of movement, 
while phosphate appears to fix the potassium and reduce the rate of move- 
ment.°°° Calcium ions also reduce the loss of potassium by leaching.*°° 
Accumulation of potassium in the B horizon is much greater when a potash 
fertiliser is applied once in four years than when the same amount is applied 
in four equal annual additions.*°* Erosion by surface run-off from a black 
soil was found to remove largely the silt fraction which, however, contained 
four times as much potassium as the remaining whole soil.'°? The rate of loss 
of potassium by leaching of synthetic zeolites has been found to follow a sim- 
ple logarithmic equation.’” 


Availability of Soil Potassium to Plants. 

Soils treated annually with potash fertilisers over a period of years may 
contain no more water-soluble potassium than untreated soils,’ owing to con- 
version of the potassium to non-exchangeable forms. In many cases plants 
are able to draw on non-exchangeable potassium when this has sufficient solu- 
bility.*°*°? Minerals may be ranked in the following order of decreasing ease 
of release of potassium ions to plants: muscovite, greensand, microcline.*® 
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Bentonite does not readily release potassium ions to tomato plants.*** Re- 
lease of potassium from non-exchangeable forms is highest in the finest frac- 
tions, i.e. in the clay fraction.'’* The ploughing of crops into the soil does 
not appear to increase the available potassium content in proportion to the 
potassium returned to the soil."** Pot experiments with a single soil have 
shown that the deeper subsoil is richer in readily available potassium than 
are the shallower sub-soils.‘** There is general agreement that assimilable 
potassium increases with pH, acid soils tending to be deficient,’***”’ although 
uptake by plants is higher in acid soils. The level of available potassium in 
soil has been observed to increase during the period of growth of a crop,’*° 
an effect which may be due to increased biological activity in the soil.*** 
Certainly available potassium is higher in the rhizosphere of a wide variety 
of crops'?? and also increases with the humus content of the soil.'?*"7* The 
availability of potassium may be affected by the water supply, the effect de- 
pending on the plant and the soil.’ Liming reduces assimilation of potas- 
sium’?”*?° and there is some evidence that this effect is due to a reduction of 
availability.‘*%**? Available potassium is not affected by additions of sodium 
chloride’*? but is increased by fertilisation by superphosphate.**® 


Determination of Available Potassium in Soil. 

Considerable effort has been devoted to determining the amount of potas- 
sium in soil that is available to growing plants. The methods developed may 
be sharply divided into chemical methods which ultimately rely on chemical 
analysis and biological methods which depend on the response of some organ- 
ism. Although simple chemical analysis of the soil is insufficient to deter- 
mine the assimilable potassium,’*™ satisfactory rapid chemical tests have been 
based on determination of the amount of potassium extractable from the soil.*** 
The potassium content of soil extracts may be determined by a volumetric’*® 
or turbidimetric’*’ modification of the cobaltinitrite method, or the flame photo- 
meter may be successfully employed.*** The soil extract may be obtained by 
electrodialysis,’*? by leaching with solutions of ammonium nitrate’*® or by 
extraction with hydrochloric acid,'****® nitric acid,'*’ acetic acid,’**® citric 
acid**® or ammonium acetate.’*»'*” In each case the conditions of extraction 
must be carefully standardised. 

Of the biological methods for estimating available potassium, one of the 
most widely used is the Neubauer seedling method.'*°*** In this method 
seeds, usually of rye, are germinated in the presence of a known amount of the 
soil under test and after a fixed period, usually twelve or fourteen days, the 
seedlings are removed, ashed and the potassium content determined chemi- 
cally. Among the many factors affecting the absorption of potassium in this 
test that have been studied are the presence of other ions, particularly cal- 
cium,****5° the pH of the soil,’*’ the species of seeds,'®** and the effect of 
light.*°° A variant of the Neubauer method is to culture the fungus Asper- 
gillus niger in a medium to which soil or soil extract has been added and to 
assess the available potassium by the increase in weight of the mycelium in a 
given time under controlled conditions.*°"™'*” The effect of other salts on 
growth of the fungus has been studied.*** The Mitscherlich pot culture method 
is based on the yields of plants grown in sand to which the soil under test has 
been added.***°® Chemical analysis of the potassium content of leaves, 
petioles and plant juices has also been used to assess the potassium require- 
ments of soils.‘°*’? Proper sampling of soil in the field is very important 


since the available potassium may vary at different depths as well as in dif- 


ferent areas.!”° 


Comparative studies indicate that the degree of correlation between any 
soil test and crop yield is far from perfect’ and the ratio of potassium to 
other cations may be a more reliable index of soil productivity than is the 
total exchangeable potassium.'”* The various extraction procedures do not 


Refs. p. 2049 


= ht 


al ie 


613 BIOLOGICAL PROPERTIES 2049 


always give comparable results, depending on the soil type and cultivation 
practice.'7°*®° There is some measure of agreement that the closest esti- 
mate of assimilable potassium is obtained by extraction with nitric acid, with 
citric acid extraction as next best.’****® The percentage accuracy of pre- 
diction of potassium deficiency given by chemical methods is found to depend 
on the actual crop being grown, being highest with cotton and lowest with 
certain legumes.*®’ Electrodialysis as an extraction procedure tends to remove 
rather more potassium than is available to plants.'®*?°° The Neubauer test in 
general gives a satisfactory estimate of available potassium'’**”* but tends 
to overestimate this in calcareous soils.*”*"°° The Aspergillus method usual- 
ly agrees with the Neubauer method but may fail on certain soils.’°”°* The 
use of pot experiments to determine available potassium may give results 
disagreeing with large scale crop production’”? and may be of doubtful value 
for assessing the need for fertiliser.7°”?" Crop analysis would appear to be 
better for assessing the fertility level of a soil with respect to potassium.7°?° 


Effect of Cultivation on Soil Potassium. 

Straw mulching causes a definite increase of exchangeable potassium in 
orchard soils to a depth of twenty four inches.?%*°° Farmyard manure and 
dunging also increase the exchangeable potassium in soils and this is ref- 
lected in higher potassium contents in crops grown with such treatments.”°’?*° 
Repeated use of potash fertilisers did not cause an increase in the level of 
exchangeable potassium in soils.**»74? Exchangeable potassium is greater 
in soils treated with potassium dihydrogen phosphate than in those treated 
with potassium chloride plus calcium phosphate.”** Potassium chloride im- 
proved the structure of some soils of low permeability,”** but had no effect on 
other soils.”*° This fertiliser also tended to increase the pH of some soils 
but not sandy soils and those containing much calcium.”’°*** Repeated heavy 
dressings of potash fertilisers caused a large increase in the soil population 
of protozoa and of Azotobacter chroococcum.”*? A temporary increase in sol- 
uble potassium occurs in soils treated with steam or with most common soil 
fumigants with the exception of propylene oxide or ethylene dibromide.??°?”? 
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(ii) Potassium as fertiliser 


Nutrient Solutions. 
The complex effects of potassium on plant growth may best be investigated 
by watering plants growing on sand with solutions containing potassium and 
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other salts. Such techniques have shown that the minimum concentration of 
potassium in the solution to maintain optimum growth depends on the species 
of plant, ranging from 0°5 p.p.m. for cow peas, oats and soy beans*” to 40 
p.p.m. for tomatoes.* Even more important, however, are the relative propor- 
tions of nutrient salts in the solution, not only the well-known nitrogen- 
phosphorus-potassium ratio*” but including also the ratio of potassium to 
calcium and magnesium.**° The potassium-iron ratio is found to have some 
influence on the magnitude of pH changes in nutrient solutions.** The anions 
associated with potassium appear to have very little effect on growth.’? Foliar 
fertilisation, which depends on the absorption of potassium salts, usually 
the phosphate, through the leaf, is carried out by spraying the leaves with a 
solution of the salt when the humidity is high. Treatment with potassium 
dihydrogen phosphate is effective when the soil is lacking in phosphates.** 
A considerable increase in the bitter principle of hops occurred when cuttings 
were treated with solutions of potassium bromide or potassium alum, the lat- 
ter salt being more effective.’* Hardening of tomato plants in nutrient solu- 
tions rich in potassium gave reduced yields over plants set out tender. 


Crop Response. 

Crops respond chiefly to fertilisation with potassium salts by giving in- 
creased yields,’®*' but additional advantages have been recorded. Thus, 
potash fertilisers have been stated to depress the growth of weeds and moss,”” 
to reduce cotton wilt infection,”* to increase the quantity and strength of cereal 
straw**?° and to increase the sugar content of grapes?’ and of sugar cane.”° 
The response to fertilisation may be several years in reaching its maximum 
and may be maintained for some years after fertilisation is stopped.” The 
response of crops to fertilisation also depends on the level of the exchange- 
able potassium in the soil, for if this is below a certain minimum value a profi- 
table yield response is obtained, the minimum level depending on the crop and 
the soil.*°*? The Mitscherlich curves connecting both total and partial pliant 
yields with potash fertiliser applications are curved, the departure from linea- 
rity being ascribed to variation in the potassium contents of different parts 
of the plants.** A reduction in the potassium supply to bean plants reduces 
nitrogen fixation by the root nodule bacteria.** In clover different cultures of 
the nitrogen fixing bacteria Rhizobium trifolii were found to respond in very 
different degrees to fertilisation by potassium.** Potash fertilisers have been 
shown to cause a large increase in soil bacterial activity, nitrification but 
not ammonification being increased.*® 


Effect of Other Nutrients on Potassium Fertilisers. 

The effect on plant growth of potassium salts depends largely on the 
relative proportions of mineral nutrients in the soil, in particular on the 
nitrogen—phosphorus-potassium ratio. The optimum ratio of these three essen- 
tial nutrients for maximum growth depends on the crop, the soil type, climate, 
etc., and often an excess of one element will cause a drastic reduction of 
yield. The actual ratio of the contents of these three elements in plants may 
be quite different from the optimum ratio required in fertilisers.*”*° Careful 
analysis of the results of fertiliser trials indicates that certain specific ef- 
fects can be ascribed to potassium. Thus, increasing the proportion of 
potassium in a mixed fertiliser tends to increase the resistance to lodging 
of grain by increasing the amount of sugar transformed to structural materiais — 
in the stem.** Potassium also has a favourable effect on the development 
of gladioli bulbs,*? increases the oil content in tung trees** and causes cotton 
to fruit earlier.** The ascorbic acid ot spinach is more stable after heavy 
applications of potassium fertilisers.** 

The actual amount of potassium taken up by plants depends on the relative 
proportions of nitrogen and phosphorus available to the plant***® as if the 
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plant could utilise the three essentia] elements only in certain definite propor- 
tions.*® It has been observed that when only two of the three critical elements, 
nitrogen, phosphorus and potassium, are applied to a soil the absorption of the 
third element is depressed on an infertile soil but is increased on a more 
fertile soil.°° The actual plant uptake also depends on the species of plant. 
Thus an increase in the ratio of nitrogen and phosphorus to potassium results 
in an increased ratio of nitrogen to potassium in flax leaves but no change in 
wheat which is able to adjust itself to the changed fertiliser ratio.*? Alfalfa 
strongly absorbs potassium and may exhaust the soil to the detriment of suc- 
ceeding crops.*? 

The uptake of potassium by plants depends on the level of phosphate avail- 
able in the soil.°*°* Similarly application of unusually high levels of potash 
fertilisers tends to depress the uptake of phosphate,**** although in some 
circumstances potassium sulphate may increase the absorption of phosphate 
by its effect on the soil pH.*°’ The ratio of calcium and of magnesium to 
potassium also has important effects on crop yields.**®° An increase in the 
proportion of calcium tends to reduce the assimilation of potassium but mag- 
nesium has little effect.°°®? Magnesium salts applied alone lower the starch 
content of potatoes, whereas =When applied 1 in conjunction with potassium they 
increase the starch content.°* The ratio of calcium to potassium in the soil 
has an important influence on the burning properties of tobacco.™ 


Effect of Anion of Potash Fertilisers. 

Many crops show no difference in response to fertilisation with potassium 
chloride or potassium sulphate except that at high levels-of application the 
chloride ion may have harmful effects on some plants.**®* Potassium chloride 
may cause an increase in the concentration of calcium chloride in the soil 
which may harm sensitive plants.°””° 

Potassium nitrate appears to be a less effective fertiliser than the sul- 
phate and under certain conditions has caused injurious effects on plants.”*” 
Kainite has been found to give better yields in general than other potassium 
fertilisers with a wide range of crops.”*”’ Comparative tests with a numper 
of mixed potassium salts indicated that the effectiveness varied inversely 
with the percentage of potassium in the salt.”*° A greater percentage of potas- 
sium was fixed by acid soils from potassium carbonate than from the sulphate 
or chloride.”? The actual potassium salt to be used in any particular instance 
may depend on the form in which the nitrogen and phosphate fertilisers are 
applied and also on the soil type.*° Insoluble potassium salts do not seem 
to be effective as fertilisers, for very little potassium is absorbed from finely 
ground orthoclase,*® granite,*? feldspar® or sericite®® applied to crops. 


Replacement of Potassium by Sodium in Crop Fertilisation. 

The replacement of potassium as a plant food by sodium has been discus- 
sed in detail elsewhere (Volume II, Supplement II, pages 1404 and 1405) and 
the following additional observations apply particularly to the role of sodium 
in fertilisation. Many crops respond favourably to a mixture of sodium and 
potassium salts*** and maximum yields may be obtained with as much as 
half the potassium replaced by sodium. In some cases sodium appears to in- 
crease the absorption of potassium by the crop but in others sodium itself is 
absorbed and replaces potassium inside the plant. 86-88 Gradual replacement 
of potassium by rubidium in fertiliser salts decreases the yield of oats and 
is harmful to grain formation.” 
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(iii) Occurrence in plants 


The actual level of potassium in plants depends on numerous factors and a 
study has been made of the effect on the potassium content of the leaves of 
pears of variety, soil management, date of sampling and season.’ The potas- 
sium content of many winter crops is high and varies little at high moisture 
contents but is very variable when the crop is dry.” Determinations have been 
made of the potassium contents of many weeds and wild plants under various 
conditions of growth and at different seasons.** There have been a number 
of determinations of the potassium content of many Chinese crops and food 
plants.*** Tobacco averages 2¢40-2°50% on dry weight for both American 
and New Zealand samples;'*** grasses average about 3°00%;'*7’ wheat 
varies from 1°13 to 3°32% depending on variety;’” the pinnae of different 
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varieties of date palm similarly vary from 0°232 to 0°776%;'" the seeds of 
conifers vary from 0°5% (spruce) to 1¢3% (larch).”° There is a wide range in 
the potassium content of grapes”? and wines.”* 

There are many difficulties in the localisation of potassium inside cells 
and tissues by histochemical methods” but there is no evidence of the 
definite localisation of the element in the cytoplasm or the nucleus, the salt 
being found chiefly in the vacuoles. Apical buds and the tips of stems and 
roots appear to be poor in potassium when dormant but become rich when ac- 
tive.*°*” A considerable range of variation occurs in the potassium contents 
of different parts of the leaves of tobacco” and tung?’ and also between the 
leaf, sheath and stem of the grass, Panicum antidotale Retz.*° Potassium 
tends to accumulate in the tuber of the potato,*’ in the fleshy roots of the 
sweet potato’? and in roots of sugar beet.** The concentration of potassium 
appears to be lower in the fruit than the leaf of tomato* but, owing to its 
greater weight, the fruit contains the major part of the potassium of the plant.* 
The mean content of pineapple fruit is also lower than that of other parts of 
the plant.*® In winter 62% of the potassium of the grape vine is found in the 
leaves and twigs and the large increase ‘n potassium in the maturing grapes 
does not appear to come from the stem.*” The potassium content of the rind 
of the sugar beet is higher than that of the pulp.** The changes in the potas- 
sium contents of the wall and pulp of cacao fruits during development*’ and 
of the various parts of the seeds of citrus fruits have also been studied.*° 
Analyses have also been made of the ash composition including the potassium 
content of leaves, bark, wood and roots of aspen, Carex pilosa, tree fern, oak 
and hazel,** and of the leaf, footstock and root of Eutrema wasabi.*? 


Foliar Analysis. 

A great deal of attention has been devoted to developing the method of 
foliar analysis for the diagnosis of the potassium status of soils. In this 
method selected leaves are ashed and their potassium content is determined 
and interpreted as a measure of the available potassium in the soil. The 
many difficulties and pitfalls of such a method may be inferred from the fol- 
lowing observations. The potassium contents of leaves taken from the same 
tree at the same time may differ widely (e.g. from 0°63 to 1°68% on dry weight 
in the case of orange) and a sufficient number of leaves must be taken to en- 
sure that the required precision is attained.** Similar variations have been 
found in grain.** The potassium concentration decreases with the age of the 
leaf,** so that the upper leaves of a shoot tend to have a higher potassium 
content than the lower,*®**® though this trend appears to be reversed in tung 
trees.“° The upper section of wheat straw is richer in potassium.°° The 
mean potassium content of leaves of trees growing on the same soil and sam- 
pled at the same time depends markedly on the variety and root-stock of ap- 
ples,**** citrus***®* and tung.°® Leaves from bearing apple trees were lower in 
potassium than those from non-bearing trees.*’ The leaves of sterile oil 
palms were similarly richer in potassium than the leaves of producing trees.”® 

The general technique of sampling and analysis has been discussed.*”© 
In addition several specialised techniques have been evolved, for example a 
method of ashing and treating leaves which is claimed to show the distribution 
of potassium in the leaf and so enables potassium-deficient leaves to be sep- 
arated from healthy leaves.®’ Methods have also been developed for the ex- 
traction of sap from leaves and stems.°*** Experience with apple trees sug- 
gests that it is desirable to sample leaves from a definite part of the leader 
shoot, avoiding the top leaves.“ It is also satisfactory to analyse sam- 
ples of bark obtained during the period of dormancy.®° The application of 
foliar analysis has been recommended for the grape vine,*** rubber plant,”° 
barley,”* pine’? and birch’* but was found to be less useful for tobacco” or 
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fruit trees including peach, prune andalmond,” where critical values of the. 
potassium content could not be established. In one variety of apple no defi- 
nite relation was found between potassium content in the foliage and quality 
of fruit.”° 

If the potassium content of the leaves obtained by foliar analysis falls 
below the critical values given in Table I the plant is on the verge of suffering 
from potassium deficiency and potash fertilisers should be applied at once. 


TABLE [.- CRITICAL POTASSIUM CONTENTS OF LEAVES 


Species Potassium 
per cent. 


Apple 
Apple 
Apple 
Apple 
Boysenberry 
Carrot 
Cherry 
Citrus 
Citrus 
Clover 
Clover 
Grape 
Macadamia 
ternifolia 
Mathiola 
incana. 
Maize 
Peach 
Peach 
Peas 
Raspberry 
(black ) 
Raspberry 
(red) 
Raspberry 
Sugar cane 


There is usually a seasonal variation in the potassium content of any 
particular plant organ or tissue. Thus the potassium content of the leaves of 
deciduous trees such as beech, birch and oak rises to a maximum in July or 
August and then falls steadily until defoliation when about 45% of the potas- 
sium may pass’ back into the trunk.”**°° In conifers potassium tends to ac- 
cumulate in the stems in winter and to transfer gradually to the needles in 
early summer.’ The potassium content of grasses also shows a cyclical 
variation between a minimum in winter to a maximum in August,’™ but in the 
leaves of the date palm the content increases slowly until the leaf is one year 
old and then decreases slowly.'*? The juice from the stems and leaves of 
alfalfa varies in potassium content throughout the day.'°* The potassium 
content of alfalfa’ and of tobacco’” is highest at first harvest and decreases 
with later cuttings. In many species the percentage of potassium decreases 
with the age of the plant.’ As the crop ripens potassium moves from ad- 
jacent leaves into the seed husk in cotton!’ and into the fruit in olives’ 
although the potassium content of the latter falls somewhat as ripening is com- 
pleted. Potassium reaches a maximum in the wheat plant at four weeks before 
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harvest and then declines to about half this value at harvest.'°?"*? A similar 


trend occurs in maize, the maximum being reached about three weeks after 
silking and little accumulation taking place in the grain.’* Studies on the 
pecan nut indicate that the decline in the apparent potassium content of the 
kernelinay be due to the very rapid rate of increase of the dry weight at matura- 
tion.*** In bracken the potassium content of the rhizome is relatively cons- 
tant throughout the growing season, while the content of the fronds decreases 
with age.*** The potassium content of leaves falls more rapidly than usual 
in grape vines suffering from potassium deficiency.**® In lime-induced chloro- 
sis, on the other hand, potassium may show an abnormally large increase 
in midsummer instead of the normal decrease.**’ The fall in potassium in 
orange leaves at blossom time and at abscission coincides with the accumula- 
tion of carbohydrate in the leaves and may be the result of this.**® It has been 
suggested that the return of potassium from the leaves to the trunk is in order 
to fulfil some unknown function rather than to conserve potassium.’’? Most 
of the stored potassium moves out of soybean cotyledons at about the same 
rate as the organic materials such as sugars, only about one third of the potas- 
sium remaining at emergence of the cotyledons.'*° When the supply of potas- 
Sium to the plant is deficient the potassium tends to accumulate in leaves 
adjacent to the growing point and to move into this as the season progresses,*” 
This movement into the youngest leaves appears to be general and to occur 
in many species.'**'?3 Where seeds are produced, the potassium tends to 
move from the leaves into the seeds,'** and such movement may cause the 
potassium content of fruit-bearing orange branches to be only half the content 
of non-bearing branches.'* The probable rate of translocation of potassium 
is too rapid to be attributable to diffusion alone and it has been suggested that 
movement occurs in the form of salts of amino acids or of proteins.’*° The 
trunk, stock and root system of apple trees have been found to store sufficient 
potassium to promote fair growth of the shoots the next season when no potas- 
sium was supplied.'?” Nitrogen supplied in the form of nitrates appeared to 
stimulate the resorption and transport of potassium in flax.'”® 

Many attempts have been made to relate the potassium content of plants 
to the available potassium of the soil and in general there is good correlation 
for a wide variety of crops.’?°*** The type of soil does play a part in regula- 
ting the absorption of potassium; thus: absorption is less from clay soils than 
from sandy soils*** while absorption is also reduced from calcareous soils.'* 
In many instances the potassium content of crops is correlated with the amount 
of exchangeable potassium in the soil’*'*’ the relation between the two forms 
of potassium being linear in some cases.**® Other investigators have found 
better correlation between plant potassium and the percentage saturation of 
potassium in the soil.**® 

Soil treatments affect the uptake of potassium considerably. Thus, the 
type of mixed fertiliser applied affects the content of potassium and its ratio 
to nitrogen and phosphorus in the grape vine.'*° Green manuring increases 
the content of root-soluble potassium in the soi Although application of 
magnesium to soil appears to have little effect on the potassium content of 
blueberry leaves,**? the potassium content of corn leaves shows a significant 
negative correlation with the magnesium content of the leaf.'** The potassium 
content of chestnut leaves and twigs tends to vary inversely with the calcium 
content,*** whereas alfalfa tends to accumulate more potassium than it needs 
unless the soil contains a high level of calcium.*** An increase in the cal-— 
cium supplied to soya bean plants lowers the potassium contents of the leaves 
and stems and increases the amount utilised for seed production. Calcium 
has a greater effect on potassium distribution than has magnesium.’*® The 
sum of the cations calcium, magnesium: and potassium determined in maize 
leaves at silking time tends to be constant at about 100 milliequivalents per 
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100g.'*” The relative amounts of these three cations taken up by plants also 
depend on the nature of the clay colloids of the soil and on the percentage 
saturation of the colloid by the cations.*** Copper tends to reduce the potas- 
sium content of many crops.'*”**° The potassium content of crops is also 
affected by the moisture tension prevailing in the soil’** and the general ir- 
rigation practice.°»'** [wo species of amphibious plant, Lysimachia and 
Alisma, had much higher potassium contents when grown in water than when 
grown in soil.*** Considerable amounts of potassium nitrate are taken up by 
the halophyte desert plants, Anabasis aphylla and Halocnemum strobilaceum.'** 
Treatment of the soil with certain soil fumigants may cause an increase in the 
potassium content of plants.*°® Studies with plants grown in nutrient solutions 
indicate that the potassium content of leaves depends mainly on the con- 
centration of potassium in the nutrient solution,’*’ the leaf content of some 
species increasing arithmetically as the concentration in solution increases 
geometrically.*** Although the relative concentrations. of other cations 
have some effect on the potassium content of leaves,**?® the absolute con- 
centration of potassium in solution is the most important single factor govern- 
ing accumulation in leaves.’** Maximum growth of many coniferous and deci- 
duous seedlings appears to occur at an optimum internal potassium concen- 
tration of 1¢50—1°72%.*°? 

Three stages have been observed during the growth of rice in nutrient solu- 
tions of various concentrations. These are: the deficiency stage when both 
the yield and the potassium content of the plant increase with increase of 
potassium concentration in solution over the range O0-4p.p.m., the normal 
stage when the yield increases but the potassium content remains constant 
over the range 4—16p.p.m., and finally the luxury consumption stage when the 
potassium content of the plant increases but the yield remains constant at 
nutrient concentrations greater than 16p.p.m.‘°* Similar stages have been 
demonstrated with other crops such as potatoes’™ and sugar cane’ '®* and 
the phenomenon may be widespread. The potassium content of potato leaves 
shows a good correlation with the yield’ but this is not true for the tuber 
potassium content.’® Increased yields obtained by growing tomatoes in the 
greenhouse were inversely related to the potassium content of the leaves and 
it appears that other nutrients are more important in regulating yield than 
potassium.'®? There is no clear correlation between the potassium content 
and the yield in sugar beet and a supply of sodium appears to be required by 
this plant even when adequate potassium is available.’7%'7 A minimum con- 
tent in the petioles of 2°00% is necessary for yields of 3°5 tons per acre of 
grapes,’’? and similar contents are required for high yields of many farm crops.*” 
The maximum drug content of Digitalis purpurea occurs at a leaf content of 
1°¢50% K.'’* Heavy fruiting in the avocado lowers the potassium and phos- 
phorus reserves of the trees and it is suggested that this may be one factor 
in the alternate bearing characteristics of this plant.*”° 

It is claimed that potassium occurs in plants not only in an ionic, di- 
alysable form but also in a non-dialysable form. Thus, in peas 48% and in 
potato stems 30°4% of the potassium is stated to be dialysable, but sugar 
beet and tomatoes have much higher percentages of ionic potassium.’”° Water 
and sometimes acids often fail to extract completely the potassium from plant 
tissues and it is suggested that the unextractable potassium may be bound to 
proteins.'’”'7® Adequate leaching with water, however, indicates that in many 
species of plants the potassium is completely ionic and water-soluble.'’*** 

Careful determinations of the atomic weight of potassium isolated from the 
ash of sugar beet and potato plants show that there is no concentration of 
the isotope of atomic weight 41 during growth'***° as has been claimed.**’ 
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(iv) Potassium deficiency in plants 


A plant may be said to be deficient in potassium when the potassium 
- content of the plant becomes reduced through any cause to such a low level 
as to affect the health of the plant, as evidenced by typical visible symptoms. 
There have been several extensive reviews of potassium deficiency symptoms 
in plants*”’ and references to reports on individual species are listed in Table 
II. 

In some species potassium deficiency symptoms appear extremely early, 
before signs of deficiency of, or toxicity due to, any other element.’® The 
most typical visual symptoms occur in the leaves and take the form of areas 
or spots of chlorosis, marginal scorching, browning~and rolling or curling of 
the leaf. Later, leaves undergo necrosis and suffer premature fall.***?”° 
These leaf symptoms are often so characteristic that they were given specific 
names and regarded as typical of a disease before the precise cause was 
known, e.g. alfalfa yellows,’ curl leaf of cherries,** burnt leaf of citrus*® and 
potato fire blight.” Marked varietal difference has been found in potassium 
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TABLE II.- REPORTED VISUAL SYMPTOMS OF POTASSIUM DEFICIENCY 
IN PLANTS 


Plant Species Plant Species 


| Ailanthus 
Alfalfa 
Apple 
Azalea 
Barley 
Beans 
Beet 
Blueberry 
Bracken 
Brassica napus 
Cabbage 
Cacao 
Camelina sativa 
Carnation 
Carrot 
Cassava 
Castor oil plant 
Catalpa 
Cherry 
Chrysanthemum 
Citrus 
Clover 
Colza 
Cotton 
Cowpea 
Daffodil 
Fir 
Flax 
Gladiolus 
Grape 
Hemp 
Hevea 

brasiliensis 

Jute 
Kudzu 
Larch 
Lettuce 
Linseed 


deficiency symptoms in strawberries.’’ 


21 

22 

23 

24 
21,25, 26 


34-36 
19,37-39 
28 
40,41 
42 
43 
47 
28, 44-46 
48 
49-52 
28,45 


53 
28 
54 
47 
55,96 
46 


Mustard 
Napier grass 
Narcissus 
Oats 
Olive 
Onions 
Orange 
Passion 
fruit 
Pea 
Peach 
Peanut 
Pear 
Pecan 
Pennisetum 
purpureum 
Pine 
Poppy 
Potato 
Rape 
Raphanus 
oleiferus 
Rice 
Rutabaga 
Salvia 
Soy 
Spinach 
Spruce 
Strawberry 
Sugar beet 
Sugar cane 


Sunflo wer 


Tea 
Tobacco 
Tomato 
Tulip 
Tung 
Ulminis 
Wheat 


ce 
58 
19, 20,59, 60 
61 
12 
62 


36 
72,73 
63-65 

66 

13 

67 


57 
68,69 
28 
12, 70,71, 73 
24,28 


28 
714 
19 
20 
28,42,75 
20 
47 
1G; 14 
20, 78,79 
80-84 
85 
86-88 
12, 20,89,90 
12,91-95 
43,58 
96 
8 
20,97 


The chief symptom in tobacco is a 


very characteristic yellow mottling of. the leaves’® but the burning qualities 
of tobacco are so markedly affected by the potassium content of the leaf*® 
that a deficiency is recognised whenever a loss of quality occurs.’® Potas- 
sium deficiency also reduces the sugar content of sugar beet,”’ delays matura- 
tion and reduces the number of fruits per plant in tomatoes,”* causes straw- 
berries to yield smaller fruits’® and reduces the secretion of nectar by winter 
rape.“* Two types of potassium deficiency symptoms have been observed 
in tomatoes. In the first stage the plants are stunted, hard and yellow, in — 
the second stage the plants begin to grow, turn green and become soft. The 
first stage is associated with a high carbohydrate content, the second stage 
with a greatly diminished content.”” Leaves showing scorch through lack of 
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potassium show not only a lower potassium content but also a steeper potas- 
sium gradient from base to apex than unscorched leaves.*® Plants such as 
hemp or flax if deficient in potassium produce a looser and thinner-walled 
group of bast cells,*® and such changes in the cell walls may be responsible 
for the structural failure of vascular tissue observed in deficient tomatoes.” 
Potassium starvation causes a reduction not only in the size and number of 
seeds*° but also in their germination number, starch’® and oil®® content. The 
bulb weight increase of tulips and narcissus is also reduced by potassium 
deficiency.°* The absence of potassium produces a greater retardation of 
growth in Hevea brasiliensis than does the absence of any other element.** 
A number of observations suggest that plants deficient in potassium are less 
resistant to disease caused by bacterial or fungal attack.*** Thus, clubroot 
in crucifers appears to depend on potassium supply.'°"'°? The calyx end of 
potassium deficient apples remains open thus permitting fungus spores to 
enter the core.’* Potassium starvation also appears to favour cotton rust*? 
and ‘blighty wheat’ or blackening of the ears caused by various fungi.”’ 

Evidence is accumulating that many deficiency symptoms are caused by an 
upset of mineral nutrient balance, so that a deviation from the optimum supply 
of potassium, for instance, may affect the uptake of other essential anions 
or cations and thus produce changes in the health of the plant. The response 
of plants to potassium deficiency has been shown to depend on the nitrogen 
supply??%*°° and symptoms often appear with a high nitrogen and a deficient 
potassium supply and vice versa.'°"'?° Potassium deficiency may cause an 
excessive accumulation of boron in lemon plants and boron toxicity symptoms 
may appear, while toohigha potassium supply may cause boron deficiency.'?!*?® 
Calcium behaves in a very similar way to potassium’? and there is some in- 
dication that the calcium-potassium ratio has an important effect on the boron 
uptake.**® Boron reduces the requirement of flax for potassium.’***** The 
absorption of potassium by plants appears to be inversely related to the ab- 
sorption of calcium and magnesium.*"****? The incidence of potato leaf scorch 
is highest on soils with high calcium to potassium. ratios.'”° Calcium and 
potassium are next to nitrogen in importance in affecting growth.’** The up- 
take of magnesium has been shown to depend on the magnesium-potassium 
ratio in the soil and an excessive supply of potassium may cause magnesium 
deficiency with resulting chlorosis.’777%* Although it is well known that 
sodium can replace potassium to some extent in some plants, symptoms of 
potassium deficiency have been observed in crops grown in salty soils {fol- 
lowing inundations by the sea.’”* Iron and potassium appear to be interrelated 
in the metabolism of the potato plant. Thus iron has an inhibiting effect on 
the appearance of potassium deficiency symptoms, although these delayed 
symptoms may become ultimately more severe.'*“'7” An excessive supply of 
iron and potassium also produces symptoms in the leaves of potatoes.’* 
Potassium-deficient sugar cane absorbs more iron than the normal and this 
excess becomes localised in the nodes, a ‘act which was once made a test 
for potassium deficiency in this species’?° Extra aluminium is taken up by 
tomato plants deficient in potassium.**° 

The effects of potassium deficiency in plants have been studied in an at- 
tempt to discover the role of potassium in plant metabolism and growth.*** 
Potassium deficient Chlorella shows an increase in respiration and a reduc- 
tion of photosynthesis.’*? If Valencia oranges are deprived of potassium for 
a number of years, the fruit juice is found to have an increased concentration 
of sugars, and decreased concentrations of ascorbic and citric acids;'** since 
potassium is an essential base in the buffer system of many plant juices, the 
pH of these is lowered.'** Potassium deficiency interferes with protein 
synthesis, so that ammonia and amide nitrogen, total and reducing sugars all 
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increase at first.°*1°°4° Later the carbohydrates may fall again. Both 
chlorophyll and carotene are reduced in chlorotic leaves from potassium de- 
ficient apple trees,*’ while deficient barley leaves are found to contain put- 
rescine. Application of putrescine to leaves of normal plants incited the 
characteristic symptoms of potassium deficiency.’*” 7 
Several attempts have been made at first-aid treatments for potassium 
deficient plants. Leaf scorch on fruit trees has been successfully prevented 
by spraying the foliage of the deficient trees,'** and also by injection of potas- 
sium salt solution or of solid into affected branches.***"** Injection of potas- 
sium salt solutions into leaf stalks has been used as a method of diagnosis 
for potassium deficiency, any deficiency being shown by a visible colour 
change round the injection site.**%'*” Another diagnostic method which has 
been proposed is the useof more Sensitive indicator plants which would readily 
show visual Signs of deficiency.'** The Hoffer test for potassium deficiency by 
estimating the iron content of the nodes and internodes depends on the in- 
verse relationship between the absorption of these two elements and applies 


only to maize. It has become obsolete since leaf symptoms are a better 
guide 149,150 
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(v) Absorption of potassium by plants 


There are a number of reviews of earlier work on the absorption of potas- 
sium by plants.** Plants differ widely in their ability to withdraw potassium 
from a given soil® and the absorption depends on such factors as the activity 
of the potassium ions, the pH and total salt concentration of the soil solution 
and the ionic activity of the root surface.° Since, as will be discussed later, 
absorption is dependent on the plant metabolism, temperature is an important 
factor, though light seems to be of secondary importance.’ Fifty per cent. 
more potassium may be taken up by plants during a wet than during a dry sea- 
son. The uptake is also directly proportional to the extent of root develop- 
“ment.® Potassium may. be transformed from an insoluble form in the clay 
mineral complex to a soluble, ionic form suitable for absorption by plants after 
hydrolysis by the soil water, the action of root secretions or by cation ex- 
change with other cations in the soil water. These methods are, however, 
believed to be less important than direct cation exchange between root in 
contact with the potassium complex (contact exchange).’*? Root contact may 
not be necessary for all soils and species of plants.’* The greater is the 
cation exchange capacity of the plant root colloid, the higher is the uptake of 
bivalent ions relative to univalent ions. Thus plants with a high exchange 
capacity will take up less potassium at the same soil level than plants with 
a low capacity and the former will in fact have a higher requirement for potas- 
sium than the latter. The cation exchange capacity of dicotyledonous plants 
is roughly double that of monocotyledons.* The nature of the predominant 
clay mineral has considerable influence on the absorption of potassium by 
plants.’* Other factors of importance are the mean free energy change in the 
cation exchange against hydrogen ions, and the activities of the potassium and 
hydrogen ions.’® When one half of the roots of a potato plant were placed 
in a solution deficient in potassium, the other half of the roots being supplied 
with potassium, unilateral deficiency symptoms developed in the plant, in- 
dicating that there is little transfer of potassium across the plant.’”'* As rye 
plants age the potassium content decreases, the salt being said to be excreted 
through the roots.’® Potassium may also be absorbed through the leaves, 
stems, branches or shoots”® but absorption through the leaves only of sugar 
beet yields midget plants.** Absorption of potassium by excised roots in- 
creases as the roots expand, an effect attributed to the increasing protein 
content.*?, Uptake of potassium is correlated with both uptake of water and 
with sucrose content in excised pea roots.”* Potassium salts tend to increase 
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the outward diffusion of electrolytes from root preparations™* as also does 
plasmolysis.”* Potassium ions inhibit the uptake of rubidium or caesium ions 
by discs of carrot tissue.”° 

The rate of uptake of potassium depends on the age of the plant and in 
general appears to be at a maximum during early growth before flowering.””** 
More potassium may be absorbed during this period than is required for normal 
growth,** the element being translocated within the plant should the supply 
of potassium become restricted. In some species of plants,such as rice and 
other cereals, potassium appears to be absorbed continuously throughout the 
growth period, **”° although a very abrupt decrease in the rate of absorption of 
potassium has been found to occur in rice with age.*” In some species of 
conifer,*® hops*’? and brussels sprouts*® the rate of potassium uptake is at a 
maximum during the middle period of growth. In sugar cane the rate of absorp- 
tion is maximal between the sixth and the tenth months and thereafter almost 
ceases, potassium being supplied to the growing tips by translocation from 
maturing younger sections.**“? Although the curves for relative growth and 
for potassium content are roughly parallel, the intake of potassium is usually 
in advance of the total dry matter production.**** Experiments with corn in- 
dicate that plants may be unable to obtain sufficient potassium from very dilute 
solutions even when these are renewed constantly.*® An extensive investi- 
gation of the absorption of potassium ions by French prune trees grown in 
nutrient Solution disclosed a correlation between the rate of absorption and 
temperature, the maximum rate being in the period June-July.*’ 

The absorption rate varies not only with the species but also with the 
variety of plant, available potassium being taken up more rapidly by varieties 
which grow rapidly.*® Although a high transpiration rate increases absorption, 
the increase is not proportional to the amount of water transpired.*® Plants 
have been found to take up potassium just as readily at night as during the 
day.°° The absorption of potassium by plants from soils in the course of the 
Neubauer test used for determining the available potassium of soils has been 
found to follow a simple empirical equation, but there is some doubt whether 
this equation would also apply to normal cropping.*? It has been suggested 
that absorption of potassium by barley roots consists of two phases, a pre- 
dominant one of undissociated salt absorption and a secondary one of ionic 
absorption by ion exchange in the root cells. The absorption curves show a 
periodicity attributed to the interference between absorption and swelling.*” 
A sudden variation in the weight of the plant is found to coincide with a cer- 
tain single point on the absorption curve.** The potassium absorption curves 
for sprouts and rye show a minimum absorption rate at about 4°5 days after 
sowing, the greater part of the potassium being assimilated in 5 to 12 days.” 

A number of kinetic studies have been made of the absorption of potassium 
using the radioactive tracer techniques. It is found that with barley roots the 
rate of absorption increases rapidly as the concentration of potassium ion 
increases up to 0°005N. but thereafter remains independent of concentration. 
The maximum rate of absorption is approximately 7°8 x 10” milliequivalents of 
potassium per second per sq. cm. of root surface (1°71 milliequivalents per 
hr. per 100g. fresh roots). Calculation shows that only 1 in 10° of the ions 
striking the root surface is absorbed.°* The time course of the absorption 
of potassium and chloride ions by wheat plants has been studied by analyses 
of root sap and it is found that the two ions do not accumulate at the same 
rate, the anion concentration slowly increasing over long periods while the 
cation concentration slowly decreases from a maximum value to approach. 
equivalence with the anion.°° The course of absorption of potassium salts 
by carrot root tissue could also be divided into two phases.*’ In certain 
‘cases the number of potassium ions entering the root may be eight times the 
number returning to the soil.°* The rate of potassium absorption by red beet 
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root tissue depends on the salt concentration inside the cells and is in- 
creased by washing with aerated distilled water.” Most of the potassium 
is taken up by irreversible absorption.®° Studies of the competitive absorp- 
tion of potassium and rubidium or sodium ions gave results consistent with 
the theory that absorption occurs through an intermediate labile complex of 
the ion with a metabolically produced carrier.” 

When many species of plants are grown in constantly renewed nutrient 
solutions of different hydrogen ion concentrations, the absorption of potas- 
sium appears to be independent of the pH.°? The pH of static nutrient solu- 
tions decreases at first to a minimum and then increases to a maximum above 
that of the original solution.®* Pretreatment of roots with acid solutions 
causes the rate of potassium absorption to fall off rapidly below pH 6, and 
below pH 43 potassium is actually lost from the tissues. Small concentra- 
tions of calcium and lanthanum cause a stimulation of potassium absorption 
at pH between 2 and 6, and there is no loss from the tissues until below pH 
2°5.% All these facts are in accordance with the theory of cation exchange 
with a metabolic carrier HR as described by the equation: HR + K =HK +H’. 
The critical ratio of K° to H’ in solutions is 17:1 and below this ratio potas- 
sium is lost from the roots, being absorbed at higher ratios.°"* The absorp- 
tion of potassium appears to be favoured by illumination of the plants, sug- 
gesting a connection between absorption and photosynthesis.’ Potassium 
uptake is lower in the absence of carbon dioxide even with illumination”® 
and is increased if starch is present in the plant." The absorption of potas- 
sium by corn roots is markedly reduced by low partial pressures of oxygen or 
high pressures of carbon dioxide.’* Immersion of carrot, red beet tissue or 
barley roots in solutions of potassium chloride caused an increase in the 
oxygen uptake (salt respiration). This salt effect is maximal in chloride 
solutions of 001M. and is completely inhibited by cyanide solutions as weak 
as 0°001M.’** Adsorption of potassium ions by barley roots is inhibited by 
most enzyme inhibitors.’° Treatment of various root sections with 0005 N. 
solutions of potassium bromide or’ potassium bicarbonate causes an increase 
in total organic acids present in the root, chiefly pyruvic, succinic, trans- 
aconitic, citric and malic acids.’”’ It has been shown that the relation between 
the concentration inside the plant root and that of the surrounding solution 
can be described by the Donnan equilibrium. The concentration of potassium 
inside the root changes over the range 5°5 to 1 for a 100 to 1 change in the 
concentration’ of the outside solution.’”* The concentration of non-mobile 
anions in the cytoplasm of bean and maize roots is about 0:01 mol. per l. 
The uptake of potassium ions by bean root tissue is found to follow Fick’s 
law of diffusion, the coefficient of diffusion being about one twentieth of the 
value for diffusion in free aqueous solution.’® This diffusion is reversible, 
approximately the same amount of salt entering or leaving the tissue on re- 
versing the conditions.*° Jon absorption may also be regarded as an electri- 
cal phenomenon, for maximum potassium uptake occurs in -eucalyptus seed- 
lings when the inner plant tissues are 2°13 V. negative to the outer solu- 
tion.” 

Earlier work on the translocation of potassium in plants has been re- 
viewed.*? Redistribution of potassium ions inside the plant from leaves to 
fruits or seeds and from primary to secondary shoots has been established 
for many species.**** By using *?K as a radioactive tracer three stages have 
been distinguished between uptake of potassium and its appearance in the 
leaves of sunflowers: (1) an initial, rapid accumulation varying inversely 
with the salt concentration of the medium, this stage lasting threehours, 
(2) an apparent saturation occurring at about ninehours, and (3) a renewed 
absorption starting at seventeen hours and coinciding with symptoms of leaf 
damage due to excess of potassium.*’ Migration of potassium within a plant 
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may be inhibited if the potassium content of the plant is lower or greater than 
an optimum value.*® A high calcium content inside a plant will also hinder 
internal migration of potassium.*»*° Potassium is, however, absorbed by plants 
from soil more rapidly than calcium.®* Sodium does not appear to influence 
the movement of potassium inside plants.*? The velocity of transport of potas- 
sium in the pedicels of Bellis perennis was greater than that of the other 
alkali ions.°* The translocation of foliar-applied potassium in bean plants 
is markedly reduced as the temperature is lowered.” 

The absorption of potassium by plants from soil is also influenced by the 
other anions and cations that may be present in the soil or be applied as fer- 
tilisers.°* There is an optimum ratio of nitrogen, phosphorus and potash (N, 
P, K ratio) for each plant and this ratio may determine the uptake of the ions. 
There is evidence that potash is taken up by plants in satisfaction of their 
needs, so that if the supply of nitrogen (or phosphate) is deficient, only.a 
small amount of potassium will be required for the reduced growth and thus the 
demands of the plant are reduced.**°° When citrus plants are grown in nu- 
trient solutions in which the nitrate nitrogen is more than 100 times that nor- 
mally adequate for growth, the leaves soon display the. characteristic burn 
due to excess of potassium.’ There is also a species effect, since addition 
of nitrogen fertilisers to soil causes increased potassium uptake by sugar 
cane but not by coffee. Addition of potassium salts to soil lowered the nit- 
rogen and calcium uptake by coffee but did not aftect phosphate uptake.’ 
Sodium nitrate has a greater effect on potassium absorption by maize than has 
dried blood,*®* whereas in other trials the absorption of potassium by tobacco 
was enhanced by nitrate and decreased by ammonium salts.‘“ There is a 
marked increase in the uptake of potassium by plants when calcium carbonate 
is added to the soil.1°*° This may be due either to control of pH or to re- 
lease of potassium from fixed forms, since the calcium level of the soil ap- 
pears to have little influence on the uptake of potassium, although high soil 
levels of potassium do markedly reduce the uptake of calcium.'®*'* It has, 
however, been shown that a given concentration of calcium may exert either 
a depressing or a Stimulating effect on the absorption of potassium, depending 
on the concentration of the latter ion in the external medium. It is suggested 
that the first action may be due to competition for a metabolically produced 
carrier, while the stimulating effect may be due to the function of calcium 
as a cofactor in the subsequent utilisation of potassium.’** There may be an 
accumulation of calcium ions over potassium ions on the surface of roots. 
Thus with a calcium to potassium concentration ratio of 4 in the soil, the 
ratio on wheat roots is found to be 10 and on alfalfa roots 24.‘4* Measure- 
ment of cationic. activities by means of clay membrane electrodes also shows 
that many species of plants bind calcium more strongly to their roots than 
potassium.'*®**7. More potassium than calcium is, however, taken up by the 
plants and the actual potassium to calcium ratio found inside the plant de- 
pends not only on the relative proportion of the soil exchange complex but 
also on the type of clay mineral. Thus much higher ratios of potassium to 
calcium ions are taken up from montmorillonite clays than from kaolinite 
clays. This phenomenon has been explained as a valence effect on the Don- 
nan distribution of ions in a system of two colloidal phases of different ionic 
activities, but may be due to firmer binding of calcium by montmorillonite.**® 
Calcium may be displaced from roots by solutions of salts of potassium and 
other alkali metals and this exchange does not seem to be affected by enzyme 
inhibitors.**? Magnesium seems to behave towards potassium absorption in a 
very similar manner to calcium.'7°*** A higher level of exchangeable potas- 
sium in soil is required to decrease the absorption of magnesium as against 
calcium.**? The so-called antagonism between iron and potassium, in that a 
high content of iron is associated with a low potassium content and vice 
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versa, occurs in maize but not in wheat, barley, turnips or potatoes.’?* On the 
contrary, iron and potassium appear to be interrelated in the metabolism of the 
potato, the uptake and the translocation of either element being influenced 
by the level of supply of the other element.'”° There also appears to be some 
connection between the supply of potassium and uptake or mobility of man- 
ganese,’*”’ of copper’****° or of cobalt.4*° Excessive concentrations of sodium 
chloride in the irrigation water reduce the absorption of potassium by green 
beans.*** In other. instances, in experiments using cotton, sugar beet or 
wheat, addition of sodium salts to the soil increased the uptake of potassium, 
either by increasing the availability of the potassium or by increasing the 
root system of the plant.'*?7** Again, with peas grown in nutrient solutions, 
an inverse relation has been found between sodium and potassium.'*"*® The 
actual behaviour of any given plant depends on the level of available potas- 
Sium among other factors. Sodium is absorbed against a greater concentra- 
tion gradient than is potassium by sugar beet, a sodium-potassium concen- 
tration ratio of 1:10 in the soil being narrowed to 1:2 in the upper leaves.**’ 
Potassium accumulation by orange trees is retarded by boron deficiency.'*® 
Potassium and rubidium interfere with the absorption and utilisation of each 
other.?2%!*° 

The anion associated with potassium is found to have some effect on the 
uptake of the latter, since there is good evidence that more potassium is 
taken up by plants fertilised with the chloride than with the sulphate.'***** 
Young maize plants during the first three hours take up 3 times as much potas- 
sium as chloride ion from a solution of potassium chloride. Therafter the 
uptakes of the two ions are more nearly equal.‘** |= Potassium chloride increases 
the ammonia uptake of beet seedlings, the effect being ascribed to the chlor- 
ide ion.'*” On the other hand the potassium ion is believed to play an impor- 
tant part in nitrate absorption and metabolism.*** Limiting the potassium 
supply of wheat tends to increase the total anion:cation ratio in the plant.**’ 
Addition of sodium silicate to a black clay soil increases the uptake of potas- 
sium by crops.**° 

The potassium content of sugar beet is found to depend on the night tem- 
- perature.*** Cultivation practices which tend to compact the soil reduce 
growth and decrease the content of potassium in the plants.**? Such treat- 
mentS as permanent. grass, clover, annual clover crops or clean cultivation 
have a significant effect on the uptake of potassium by apple trees.*** Fungi- 
cides, herbicides, and insecticides affect the uptake of potassium by conifer 
seedlings insofar as they affect the growth.*** Certain sulphonamide drugs 
which were tested for their effect on the growth of rice also increased the 
potassium content.’** Treatment of the roots of rice plants with hydrogen 
sulphide inhibited the uptake of potassium. Unilateral effects were again 
observed in that treatment of the roots of one side did not affect the uptake 
by the roots of the other side.**® 
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(vi) Physiological effects of potassium on plants 


It has long been recognised that potassium fertilisation produces plants 
of greater strength or rigidity, but measurements of the cell walls and the 
lumina of Dactylis glomerata grown under various conditions show that in 
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this species the increased rigidity is not due to anatomical strengthening,’ 
and in fact, potassium seems to cause the cell walls to become thinner, while 
schlerenchyma and mechanical vascular tissue are better developed by poor 
potash supply.? The influence of potassium is most noticeable in fibre- 
forming plants such as flax, hemp, ramie, etc., where a good supply of the 
element is associated with swelling and increased thickness of the cell walls 
and a greater capacity to hold water.* The effects probably result from a 
primary lyotropic effect on the hydration of the cell walls.‘ The supply level 
of potash has no effect on the thickness of the seed coat of peas but does 
increase the toughness.* Through its action on the phytin of the seed coat,‘ 
potassium more than any other mineral ion reduces the time required to cook 
peas. Potassium ions have been found to reduce the motility of the stomata 
of leaves,’ and applications of potash thus tend to reduce the drought resist- 
ance ot plants.*? The heat resistance of succulents such as cactus and aloe 
is improved by treatment with potassium chloride solution.*° Potassium 
stimulates cell division’’ but a deficiency of potassium causes mitotic anoma- 
lies and especially hyperchromasia in the root tips of Vicia faba.’* There is 
a poSitive correlation between potash supply and root-growth,’* while the 
rooting of cuttings of Phaseolus vulgaris** and of tomato’® is apparently pro- 
moted by potassium salts. Potassium salts in the nutrient solution increase 
the storage qualities of chicory.*° Normal potash fertilisation is found to 
increase the resistance to injury by cold of pecans'’ and of winter wheat.'® 
The effects of potassium salts on the electrical potential of plant cells and 
roots have been studied and the relative mobilities of the ions in the proto- 
plasm calculated from the results.’°*4, The conductivity of potato tuber juice 
is positively correlated with the potassium content of the tubers.”” 

A number of investigators have developed the theory that the physiolo- 
gical importance of potassium is due to the presence of a radioactive isotope 
whose radiations stimulate biochemical processes.***” It has been suggested 
that this radioactive effect may be combined with a photoelectric effect of 
potassium.** As experimental evidence in favour of this theory it has been 
shown that potassium salts enclosed in thin glass tubes stimulate the growth 
of plants?®?? and that the kinetics of proteolytic enzymes are stimulated by 
radiation from radium,”* while the percentage of seeds germinating appears to 
be increased by exposure to potassium salts.*° It is, however, argued that the 
concentrations of radioactive isotope are too small to be of significance and 
experiments in which radium ores were added to soils in various proportions 
showed that the addition was detrimental rather than favourable to the yield 
of crops.*? 2 

It is now clearly established that potassium can help to combat many plant 
diseases.*#* Thus, potassium tends to increase the resistance of plants to 
attack by Bacterium tumefaciens,**** Bacterium carotovorum,** and Bacterium 
pruni.®’” The fungal diseases cabbage clubroot*® and black currant leaf-spot*’ 
appear to increase with potash fertilisation but most tungal infections are 
greatly diminished by increasing the potassium supply, so much so that such 
fertilisation is often recommended as a means of control. Excellent control 
is thus achieved of black heart in celery,*° apple scab fungus (Venturia in- 
aequalis)*' rusts in garden beans‘? and in cotton,** fusarium wilt of cotton***® 
and of tomatoes.*® fusarium rot of narcissus®° and squash,** mildews of grain 
crops due to Ervsiphe graminis,**** foot and root rot of wheat due to Helmin- 
thosporium sativum®* and smut caused by Urocystis tritici.*° The greatest 
concentrations of cucumber virus I in spinach were found after potash treat- 
ments which yielded the greatest growth®® but potassium ions heve been shown 
to be potentinhibitors of many viruses including tobacco mosaic in tobacco,*””® 
turnip virus 1 in tobacco®® and spotted wilt virus in tomato.® Although 
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a deficiency of potassium decreased the population build-up of aphids, Mac- 
rosiphum pisi, the deficient plants were more susceptible to attack by the 
aphids.* 

Potassium has a favourable effect on the yield of seeds by plants and 
the germination of the seeds of many species of plants is increased after 
treatment with solutions of potassium salts, of which the nitrate appears to 
be the most effective.**’° Marquis wheat is, however, indifferent to potassium 
nitrate’’ while kok-saghyz,’? dandelion”? and. olive seeds”* are adversely af- 
fected by treatment with solutions of potassium hydroxide. The potassium 
salt has not been found to penetrate through the seed coat and the stimulating 
effect of the salts cannot be correlated with entry into the seed.’”*”° 
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(vii) Effects of potassium on plant metabolism 


The general role of potassium in the metabolism of plants has recently 
been reviewed.’ The respiration rate of barley leaves appears to be influen- 
ced by potassium in a complex manner. At high levels of potassium supply 
there is an inverse relationship between respiration rate and amount of potash 
supplied. At low supply levels, the relationship is positive. This positive 
relation appears to be due to the low carbohydrate concentration caused by 
the low potassium supply, for the relation becomes inverse when the carbo- 
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hydrate in the leaves is increased.?, An increase in respiration rate and 
respiratory coefficient with potassium deficiency has also been noted 
in the potato,*® sugar cane,* onion® and flax.° ‘fhe respiration rate of barley 
roots is increased by potassium chioride sorbed on cation exchange resins, 
but the type of resin is important.” Assimilation of carbon dioxide depends 
on potassium supply, the actual effect appearing to depend on the age of the 
plants. It is not clear whether this is a primary or a secondary effect on the 
amount of chlorophyll present in the leaves.**? In several cases potassium 
has been shown to be positively correlated with photosynthesis.**** Potas- 
sium was not. found to affect photosynthesis in Elodea at low levels but did 
increase the rate of the dark reactions following bright illumination.** Both 
the potassium concentration and the pH of nutrient solutions were found to 
decrease in the light and increase in the dark, suggesting that illumination 
causes potassium to enter the cells and replace hydrogen ions.***’ It has 
been suggested that potassium acts by initiating the condensation of monoses 
to polyoses, thus reducing the concentration of monoses which acts as a brake 
on photosynthesis.** The concentration of reducing sugars certainly varies in- 
versely with the potassium content of the plant, being high in cases of deficien- 
cy.*°?? On the other hand, starch varies directly with the potassium content in 
a large number of species of plants.**” Starch synthesis in radishes was checked 
when the potassium « content of the nutrient solution was high, but was accelerated 
at lower contents.*° Sucrose also increased with potassium supply in several 
species of plants, notably in sugar beet. 293133 The synthesis of sucrose by in- 
vertase is accelerated in the presence of potassium ions.* In melons, however, 
potassium reduced the content of both nexose and sucrose, this effect being neut- 
ralised by boron.* Protein synthesisisalso bound up with potassium supply, the 
element apparently being effective in the synthesis of proteins from a-amino 
acids.**** Potassium ions have been shown to benecessary for the synthesis of 
glutathione.**** In cases of potash deficiency, ammonia, amide and amino nitrogen 
accumulate, although the effects may depend on the level of nutrition.***° 
Under the same conditions putrescine accumulates in barley.*® It has been 
suggested that plants with a predominantly aldosugar content (glucose ) re- 
quire a high potassium content in order to utilise ammonia-nitrogen satisfac- 
torily, whereas plants with predominantly ketosugar (fructose) are able to 
utilise ammonia-nitrogen even when deficient in potash.*° 

The effect of potassium on the enzymes present in living plants is not 
altogether clear. It has been established that potassium inhibits some 
enzymes” and activates others,*? but in many cases the changes in activity 
observed during fertilisation treatments with potash appear to be normal res- 
ponses to the overall growth of the plant rather than specific responses to 
potassium.°»** Often only one activity of an enzyme seems to be affected 
by potassium; thus the synthetic activity of invertase varies directly with 
potassium supply while the hydrolytic activity varies inversely, indicating 
that the reaction is stimulated in one direction and hindered in the other.**** 
The content as well as the activity of many plant enzymes is increased in 
conditions of potassium deficiency. This applies not only to amylase, suc- 
rase and glucosidases but also to catalase.*%°*®° In general, the activities 
of the following enzymes have been found to be increased by potash deficien- 
cy: diastase,**? invertase,’ peroxidase,’ ,cteptase,” amylase,°>* sucrase®” 
alucosidave!?? catalase (lettuce, cabbage,*® maize®°), catechol oxidase,°° and 
transasminase.*° An increase in the supply of potash, on the contrary, in- 
creases the activities of the following enzymes: catalase (cotton, wheat,”® 
apple,*” sugar’), maltase®’ and ereptase (sugar cane).°' Potassium has no 
effect on phosphorylase in vitro.2* Potassium salts increased the growth of 
Avena coleoptile, the effect being greatest when manganese saJts were present. 
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Inhibition of this effect by iodoacetate or malonate occurred only at low pH 
values.© Potassium salts caused considerable increases in the concentra- 
tions of pyruvic, succinic, aconitic, citric and malic acids formed in root sec- 
tions of bariey, soybean, squash etc.°* Thetitratableorganic acid of ap- 
ples™ and pineapples® was also correlated with the potassium content of the 
leaves. An adequate potash supply increases thiamine synthesis in pea and 
tobacco plants,°® and the niacin content of oat tissue, although biotin and 
pantothenate were decreased.°’ The ascorbic acid content of many plants is 
also markedly increased by potassium.°*”' Carotene and chlorophyll are 
influenced by the potassium supply, but the relationship is complex and also 
appears to depend on the nitrogen supply.’?”* High rates of potash applica- 
tion are found to increase the content of oxalic acid in sugar beet,’* Swiss 
chard’> and tung’® and the essential oil content of Mentha piperita,’’ but to 
decrease the alkaloid content of Lupinus’® and belladonna.”® 

The anion associated with potassium appears to have some effect on the 
growth and metabolism of the plant, for area per leaf and leaf water content 
were increased by potassium chloride but not by potassium sulphate, whereas 
starch formation was increased by the sulphate but not by. the chloride.*° 
While the potassium ion tends to promote the synthetic processes, chloride ion 
tends to increase the opposing hydrolytic process.** Plants with high chloride 
and low potassium contents contain two to three times as much organic acids 
as normal plants.* 
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3 POTASSIUM AND MARINE OR FRESHWATER ORGANISMS 


' Many marine organisms are able to accumulate high internal potassium 
contents from the surrounding sea water, which has a normal concentration 
between 0°040 and 0:046%. Algae seem to be most efficient at this concen- 
centration process and a potassium content of 13°56% has been recorded for 
the Japanese seaweed, Hizikia fusiforme’ although the content of most species 
of seaweed is closer to 3%.7* Valonia from the Bermuda Islands was found 
to contain 2%.° Sponges varied from species to species, Dysidea crawshayi 
being an efficient accumulator of potassium.®° Echinoderms and tunicates 
accumulate potassium to a much lower level, of the order of 0°05-0°07%.”° 
The electric organ of Electrophorus electricus contains 0°68-0:76%.° The 
muscles of marine animals such as Sepia and Octopus contain almost twice 
the potassium content of those of a terrestial invertebrate such as Helix 
pomatia.’° Among the fish, salmon and tuna contain 0°240—0°350%,'' skip- 
jack 0°:165%.** The plasma potassium content of most species of freshwater 
animal is usually of a lower order although there may still have been consider- 
able concentration from the lower potassium content of fresh water. Thus the 
plasma of Anodonta cygnea contains 0°0016% of potassium, that of Lymnaea 
stagnalis 0°:008%, but the muscle juices of these species may contain much 
more.** 

Many marine animals show a definite requirement for potassium.’* In 
some cases this potassium may be-replaced by rubidium, but rubidium is 
harmful at high concentrations. It has been estimated that the limiting am- 
ount of potassium required for growth of Nitzschia closterium is 3:1 x 10*°g. 
per diatom.*®° The uptake of potassium by the alga Caulerpa prolifera is de- 
pendent on the concentration of calcium in the water.*’ This is not, however, 
a general phenomenon since in many species of algae ions are absorbed in- 
dependently of each other.***? In Valonia the actual ratio between the inter- 
nal concentrations of sodium and potassium depends on the concentration of 
potassium in the external solution and does not appear to depend on a Donnan 
equilibrium.*° The potential across the cell wall of Valonia varies with the 
concentration of potassium provided this is above a certain critical value, but 
is independent below this value, suggesting that a change occurs in the dif- 
fusion of potassium ions through the cell wall at this critical concentration.” 
In the absence of photosynthesis no uptake of potassium occurs in Valonia.” 
The rate of exchange of potassium in Ulva lactuca is increased by both il- 
lumination and rise of temperature, all the potassium being exchangeable.” 
Iodoacetate causes a marked progressive loss of potassium-and gain of sodium 
in Ulva in the dark but not when illuminated, suggesting that the uptake is 
dependent on the metabolic breakdown of phosphoglycerate.**”* In this alga 
two independent mechanisms seem to be required to explain the uptake and 
distribution of potassium and sodium.*® The rates of uptake of both sodium 
and potassium by Nitella flexilis appear to follow an exponential law,’ but 
the ions can be differentiated by their effects on the potentiai across the cell 
membrane.?””? Nitella chloroplasts show a selective permeability to potas- 
sium ions.°° The majority of marine animals examined are found to be in 
osmotic equilibrium with sea water but ionic regulation is poor in the more 
simply organised animals, coelenterates, echinoderms, polychaetes, lamelli- 
branchs and gastropods, whose body fluids contain low protein contents. 
Regulation is much more pronounced in crustacea and cephalopods, all of 
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which contain the respiratory pigment haemocyanin and whose body fluids 
are relatively rich in protein.**** The rate of exchange of **K in sticklebacks 
was 0°15 and 0°30 mM./kg./hr. in fresh and sea water respectively.** The 
rate of uptake of ions is extraordinarily rapid; thus in Spirogyra potassium 
may accumulate to twenty times the external concentration within one minute,*° 
Changes in the uptake and loss of potassium commence within ten minutes of 
fertilisation of several species of sea urchin eggs.*” The potassium con- 
tent of the pearl oyster also increases during the reproductive season.** The 
potassium content of the heart muscle of the fish Scorpaena porcus increases 
under the influence of excess carbon dioxide in the surrounding sea water and 
decreases when the oxygen content is severely reduced.*® A markedly uneven 
distribution of potassium is found in the electric organ of the thornback, Raja 
clavata, the electric platelets having a high and the surrounding connective 
jelly a low content.*° The uptake of ions by freshwater animals has been 
studied using frogs, goldfish and the crab Eriocheir. Uptake in the last two 
animals is through the gills and appears to involve ion exchange.** 

Potassium ions are quite toxic to Hydra and this toxicity is increased in 
the presence of low concentrations of calcium but counteracted by higher 
concentrations.“ Caesium can replace potassium almost completely and 
quantitatively as regards development of the eggs of Arbacia into blastulae.** 
Potassium seems to be important for parthogenesis of Asterias eggs** and 
together with calcium for the maturation of the eggs of Barnea candida.** 
Injection of isotonic potassium chloride solution into the visceral cavity of 
Mytilus induces spawning.*® 

The potassium content of the urine of Necturi is very close to that of the 
plasma‘”’ whereas the content of the urine of Lobius piscatorius is much 
lower.*® Potassium is the least effective alkali metal ion (cf. barium) in 
causing positive chemotropism in Paramecium caudata.*® Potassium salts 
appear to increase the permeability of the skin of tadpoles.°° Potassium 
and calcium ions are indispensable for the production of luminescence and 
pulsations in Pelagia noctiluca,* and for the maintenance of the ciliary move- 
ment of Mytilus.*?** 

Addition of potassium chioride to sea water causes rhythmic contractions 
of the melanophore muscle of decapitated kledone moschata.** The action 
of an increased concentration of potassium ions on echinoderm, molluscan or 
crustacean muscle is a sharp drop in muscle tone followed by a period of in- 
hibition.°* There are considerable differences between families and species 
as regards the sensitisation of muscles to potassium by various agents.°°*’ 
Potassium and calcium are the only two ions for which an optimum concentra- 
tion can be found which renders the threshold excitation current a minimum, 
all other alkali ions causing an increase in the threshold value.®*® The potas- 
sium content of the muscle fibres of Carcinus maenas is more than fou: times 
the sodium content, which suggests that a ‘sodium pump’ may be operating as 
in vertebrate muscle.*® On the actinozoa Calliactis and Metridium potassium 
produces a greatly prolonged contraction.°° Potassium ions reduce the injury 
potential of snail muscle.* The pallor produced in trout by pressure, due to 
a concentration of melanophores, is attributed to the action on the skin of 
potassium released from the underlying muscles.™ 

Potassium has a negative ionotropic and chronotropic effect on selachian 
and teleostean hearts.°** High concentrations of potassium arrest the heart 
of the mollusc, Anodonta, in systole®* and cause a progressive slackening 
of the rhythm with a lowering of the diastolic tonus in the heart of the oyster.” 
Deoxycorticosterone increases the resistance to cold of the snail heart, ap- 
parently by decreasing the potassium content of the cells.®’ A suitable 
balance of potassium and magnesium ions can prolong automaticity of the snail 
heart, the pair being more effective than potassium and calcium.®»®? The rate 
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of oxygen uptake by heart muscle of molluscs is increased when potassium is 
increased relative to other alkali ions.”° 

The nerve fibres of the spider crab are freely permeable to potassium and 
impermeable to sodium, just as are vertebrate nerves.”* Addition of potas- 
sium chloride to the medium surrounding a single lobster nerve fibre changes 
the response pattern from that of highly repetitive, non-accommodating fibres 
to that of accommodative, non-repetitive ones. High concentrations of potas- 
sium increased the excitation threshold, whereas lack of potassium ions caused 
conduction block.’* The movement of potassium ions into and out of nerve 
fibres during activity has been studied by means of the radio-active tracer, 
“2k, in the giant axons of Sepia and cephalopod fibres.”* The passage of an 
impulse is associated with the inward movement of sodium and outward move- 
ment of potassium from the axon, these changes being reversedon recovery.” 
More than 90% of the contained potassium is exchangeable and thus ionised 
inside the fibre.”* Measurement of the potassium flux in the presence of 
electric currents through the axon wall indicates that the steady outward 
current associated with the depolarisation of nerve tibres is carried mainly 
by potassium ions leaving the axon.’*° The sodium and potassium contents of 
Sepia axon are 40 and 325 mM./kg. respectively (0°092 and 1°3%), the corres- 
ponding figures for the giant fibres of Loligo forbesi being 46 and 323 mM./kg. 
During stimulation of Sepia axons there is a net entry of 3:8 x 10°? moles Na/ 
cm.?/impulse and a net loss of 3:6 x 10°? moles K/cm.’/impulse.””’ For 
crab nerve a potassium efflux of 3 x 10° moles per impulse per nerve has 
been measured.’® This is of the same order as that of the giant squid axon 
when both are expressed per unit area, but active reabsorption occurs during 
recovery only in the crab nerve.’® An increase of concentration of potassium 
in the surrounding solution depresses the impedance change more than the 
spike potential in the giant squid axon.*° 

Potassium ions are partly responsible for the potential difference existing 
across the protoplasm of Halicystis osterhouti and Halicystis ovalis. H. 
ovalis has a higher concentration of potassium in its cell sap and accordingly 
a higher potential, 79:7mV. as against 68¢4mV. for H. osterhouti.** From the 
effects on the potential in Valonia macrophysa of changes in external potas- 
sium concentration it has been possible to deduce the relative mobilities of 
potassium, sodium and chloride ions in the outer protoplasmic layer of the 
cell.*? 


References 


1 Takahashi, T. & Yokoyama, M., J. Agr. Chem. Soc. Japan, 1944,20,522. (46,2629) 
2 Togasawa, Y.&Mire, T., Bull. Japan Soc. Sci. Fisheries, 1954,20, 189. (49,7064) 


3 Kirschninck, H., Die Fischerwirtschaft., 1954,6,15. (48,6520) 
4 Oy, E., Tids. Kjemi, Bergvesen, 1951,11, 167-72. (46,5147) 
5 Osterhout, W.J.V., J. Gen. Physiol., 1922,5,225-30. . (17, 407) 
6 Bowen, V. T. & Sutton, D., J. Marine Res., 1951,10, 153-67. (46,3669) 
7 Valente, D. & Bruno, A., Ciencia e cultura, 1950,2,50. (45,3949) 
8 Rothschild, Lord& Barnes, H., J. Exptl. Biol., 1953,36,534. (48,8970) 
9 Dawson, H.& Laye, H. V., An. acad. brasil. cienc., 1953,25,303. (48, 10236) 
10 Bernard, A., Compt. rend. soc. biol., 1931,108,887-8. (26 , 2247) 
11 Murray, J. F., Brumwell, C. A. & MacLeod, R.A., Fisheries Research Board Canad., 
Progr. Repts. Pacific Coast Stas., 1954,101,17-19. (49, 10544) 


12 Horiguchi, Y., Kashwada, K. & Dakimoto, b., Bull. Japan. Soc. Sci. Fisheries, 

1952, 18, 147. ; (48, 1588) 
13 Florkin, M. & Duchateau, G., Compt. rend. soc. biol., 1950,144, 1132-3. (45,6759) 
14 Hornung, V., Kali, 1943,37,100-3; Chem. Zentr., 1943,II, 1380. (38 ,5982) 
15 Benazzi, M., Boll. soc. ital. biol. sper., 1934,9, 259-61. (28,5085) 
16 Stanbury, F. A., J. Marine Biol. Assoc. United Kingdom, 1934,19,931-40. (28,5097) 
17 Moravek, V., Naturwissenschaftl. Sammlung, 1925,1,6pp; Chem. Zentr., 1926, 

I, 1378-9. (20,3022) 


2088 POTASSIUM 6110 


18 Pantanelli, E., Bull. dell’orto botanico della R. Univ. di Napoli, 1921,6,261-77. 


(15,2469) 
19 Brooks, S&.C., Protoplasma, 1929,8,389-412. (25,3033) 
20 Jacques, A. G. & Osterhout, W. J. V., J. Gen. Physiol., 1932,15,537-50. (26,4841) 
21 Damon, E.B., J. Gen. Physiol., 1938,21,383-409. (32,4195) 


22 Jacques, A. G. & Osterhout, W. J. V., J. Gen. Physiol., 1934,17, 727-50. (28,6777) 
23 Scott, G. T. & Hayward, H.R., Biochim. et Biophys. Acta, 1953,12,401-4. (48,2185) 


24 Scott, G. T. & Hayward, H.R., J. Gen. Physiol., 1953,36,659-71. (47,8199) 
25 Scott, G. T. & Hayward, H.R., Science, 1953,117,719-21. (47, 10067) 
26 Scott, G. T. & Hayward, H.R., J. Gen. Physiol., 1954,37,601. (48 ,8888) 
27 Brooks, 8. C., J. Cellular Comp. Physiol., 1951,38,83-93. (46,2595) 
28 Osterhout, W. J. V. & Hill, S.E., Proc. Natl. Acad. Sci. U.S., 1938,24,427-31. 
(33,1010) 

29 Osterhout, W.J.V., J. Gen. Physiol., 1940,23,429-32. (34,5492) 
30 Mercer, F. V., Hodge, A. J., Hope, A. B. & McLean, J. D., Australian J. Biol. 

Sci., 1955,8,1-18. (49, 10446) 
31 Robertson, J.D., J. Exptl. Biol., 1953,30, 277-96. (48 ,9568) 
32 Parry, G., J. Exptl. Biol., 1953,30,567. (48,8969) 
33 Parry, G., J. Exptl. Biol., 1954,31,601. (49,5700) 
34 Lilly, S.J., J. Exptl. Biol., 1958,32,423. (49, 15101) 
35 Mullins, L.J., Acta Physiol. Scand., 1950,21,303. (45,5327) 
36 Brooks, S.C., Cold Spring Harbor Symposia Quant. Biol., 1940,8,171-80. (38, 761) 
37 Oddo, A.M. & Esposito, M., J. Gen. Physiol., 1951,34, 285-93. (45,3090) 
38 Tanaka, S. &Hatano, H., J. Chem. Soc. Japan, Pure Chem. Sect., 1953,74, 74-6. 

(47, 10747) 

39 Cordier, D. & Piery, Y., Compt. rend. soc. biol., 1953,147, 1799-1802. (48, 10940) 
40 Woerdeman, M.W., Proc. Acad. Sci. Amsterdam, 1921,23,842-7. (15,2509) 
41 Krogh, A., Z. vergleich. Physiol., 1937,25,335-50. (32,7138) 
42 Kuwabara, M., Proc. Imp. Acad. Tokyo, 1944,20,110. (48 , 2271) 
43 Loeb, R.F., J. Gen. Physiol., 1920,3,229-36. (15, 558) 
44 Dalca, Bull. histol. appl. physiol. path., 1924,1,465-85. (19,2711) 
45 Dalca, A., Protoplasma, 1928,4,19-44; Physiol. Abstr., 14,13. (24,3058) 
46 Iwata, K.S., Bull. Japan. Soc. Sci. Fisheries, 1951,16,393-4. (47,8270) 
47 Bott, P.A., J. Biol. Chem., 1955;215, 287-93. (49, 13350) 
48 Brull, L.& Nizet, E., J. Marine Biol. Assoc. United:Kingdom, Laer Sa an Sanh 
49 Dryl, S., Acta Biol. Exptl., 1952,16, 23. (48,6033) | 
50 Podhradsky, J., Compt. rend. soc. biol., 1928,98, 1033-5. (22,2996) 
51 Heymans, C. &Moore, A.R., Compt. rend. soc. biol., 1923,89,430-2. (18, 423) 
52 Gray, J., Proc. Roy. Soc. London, 1922,93B,104-121. (16,3345) 
53 Gray, J., Proc. Roy. Soc. London, 1924,96B,95-114. (18,3196) 
54 Bacq, Z.M., Compt. rend. soc. biol., 1932.111, 220-2. (27, 140) 
55 Wells, G.P., J. Exptl. Biol., 1942,18, 213-22, (36,5903) 
56 Godeaux, J., Arch. intem. physiol., 1948,55,420-35. (42,6465) 
57 Godeaux, J., Arch. inter. pharmacod., 1942,67,425-45. (38,4018) 
58 Masai, S., J. Physiol. Soc. Japan, i953,15,120-8. (47,7684) 
59 Shaw, J., J. Exptl. Biol., 1955,32,383-96. (49, 15101) 
60 Ross, D.M. & Pantin, C.F.A., J. Exptl. Biol., 1940,17,61-73. (34,4162) 
61 Masai, S., J. Physiol. Soc. Japan, 1953, 15, 129-32. (47,8222) 
62 Robertson, O.H., Science, 1951,114,11-12. (46,3669) 
63 Meyer, H.H., Z. Biol., 1939,99,633-44. (34, 175) 
64 Bacq, Z.M., Compt. rend. soc. biol., 1933,114, 1358-60. (28,1779) 
65 Hendricks, J. P., Arch. inten. pharmacod., 1945,71,214-47. (40,4151) 
66 Jullien, A. & Morin, G., J. Physiol. Path. Gen., 1931,29,446-61. (26,1985) 
67 Bachrach, E., Reinberg, A. & Stolkowski, J., Compt. rend. soc. biol., 1953, 

147,651-3. (48 ,2240Y 
68 Bachrach, E., Arch. sci. phys. nat., 1945,27, 143-64. (40,5159) 
69 Bachrach, E., Compt. rend. soc. phys. hist. nat. Geneve, 1944,61,44-7. (39,2806) 
70 Cardot, H., Faure, S. & Arvanitaki, A., J. Physiol., 1950,42,849. (45,9185) 
71 Shanes, A.M., J. Cellular Comp. Physiol., 1946,27,115-18. (40,6175) 
72 Wright, E.B., Coleman, P. & Adelman, W.J., J. Cellular Comp. Physiol., 1955, 

45, 273-308. . (49,11190) 
73 Keynes, R.D. &Lewis, P.R., J. Physiol., 1951,113, 73-98. (45,7675) 
74 Hodgkin, A. L. & Huxley, A. F., Cold Spring Harbor Symposia Quant. Biol., 

1952,17,43-52. | (47,4995) 


75 Hodgkin, A. L. & Keynes, R.D., J. Physiol., 1953,119,513-28. (47,7068) 


61e1] BIOLOGICAL PROPERTIES 2089 


76 Hodgkin, A.L. & Huxley, A.F., J. Physiol., 1953,121,403-14. (47,12577) 
77 Keynes, R. D.& Lewis, P.R., J. Physiol., 1951,114, 151-82. (46, 191) 
78 Shanes, A.M., J. Gen. Physiol., 1951,34,795-807. (46,5167) 
79 Shanes, A.M., Amer. J. Physiol., 1954,177,377-82. (48, 10947) 
80 Grundfest, H., Shanes, A.M. & Greygang, W., J. Gen. Physiol., 1953,37, 25. (48,1518) 
81 Blinks, L.B., J. Gen. Physiol., 1932,16, 147-56. (27, 325) 
82 Damon, E.B., J. Gen. Physiol., 1932,16,375-95. (27,3238) 


4 POTASSIUM AND INVERTEBRATES 


(i) Insects 


The coelomic fluids of many species of insects have been analysed for 
sodium and potassium by micro-methods. It is found that vegetarian insects 
have a high potassium, low sodium, content while the reverse is true for car- 
nivorous or bloodsucking insects.’ No valid statistical difference has been 
found between the whole body potassium contents of Culex tarsalis and Culex 
stigmatosoma.* Drosophila contains 0°45% of potassium and it is calculated 
that the radiation from the associated natural radioactive isotope, *°K, is only 
4x 10° of the dose required to produce mutations.‘ 

The toxicity of potassium ions to Drosophila is intermediate between that 
of lithium and sodium ions at high concentrations.* A mortality of 50% was 
caused by exposure of larvae of Uhrysomyia megacephala to 2°5% potassium 
hydroxide solution for 24hr.° Silkworm eggs were all killed by exposure for 
60min. to 1% caustic potash, although 15 min. exposure had no effect on 
hatchability.” Potassium chloride used as fertiliser had no effect on bees 
by direct contact but caused 10% mortality on ingestion.* An insecticide- 
resistant strain of house flies was more susceptible to potassium bromide 
than a susceptible strain and potassium chloride gave complete protection in 
mixtures of the chloride and bromide.’ | 

There was a poSitive correlation between the population of the two-spotted 
spider mite, Tetranychus himaculatus, and the supply of potassium in the 
nutrient solutions supplying tomato’? and cucumber” plants on which the mites 
were reared. Potassium enters the body of mosquito larvae via the anal gills, 
is absorbed in the rectum and excreted by the Malpighian tubules.’? Potas- 
sium ions do not compete with sodium ions in this process.’* The concen- 
tration of potassium in the haemolymph of Rhodnius can be increased ten-fold 
by feeding potassium chloride without harm to the insect. The Malpighian 
tubules can secrete a urine richer in potassium than the haemolymph and there 
is evidence of subsequent re-absorption of sodium and water but not of potas- 
sium.** A similar mechanism appears to hold for the stick insect, Dixippus 
morosus,’* and for a number of other species. Measurements of the potentials 
across the wall of the tubule indicate active secretion of potassium and pas- 
Sive excretion of sodium.'® During pupation of the silkworm, Bombyx mori, 
there are changes in the distribution of potassium, a considerable proportion 
being transferred to the silk gland.’’ 

Potassium has a toxic action on the insect heart if present in excess, 
causing arrest in systole.’® Normal concentrations increase the tonus and 
frequency but decrease the amplitude of the dorsal vessel.’? Potassium is 
able to counteract the toxic action of barium ions provided calcium is present 
but not if it is absent. To maintain a normal beat a ratio of sodium to potas- 
sium concentrations of 3:1 is required but no appreciable effect was observed 
in the moth, Samia walkeri, when this ratio was varied between 34:1 and 
Pei3°8."> 

Both the nerve axons and muscle fibres of insects are depolarised by high 
concentrations of potassium ions in the same manner as vertebrate and crusta- 
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cean nerves.” The insect haemolymph normally contains a sufficiently high 
potassium concentration to depolarise crustacean fibres and the greater re- 
sistance of insect nerves is attributed to the protection of the nerve sheath 
which is an effective barrier to diffusion of potassium ions. Action potentials 
of insect nerves were maintained unchanged for hours in the presence of high 
external potassium concentrations but were rapidly blocked on injection of 
potassium salt solutions.”* Calcium ions appear to antagonise the blocking 
action of high concentrations of potassium ions. In contradistinction to 
the effect on vertebrate and crustacean nerves, increased concentrations of 
carbon dioxide increase the excitability of insect nerve, possibly by increas- 
ing transport of potassium out of the nerve.”*> Potassium chloride acts as a 
stimulus at concentrations greater than 3 x 10°M. on an isolated ganglion- 
muscle preparation of Dytiscus marginalis.?® The normal ratio of sodium to 
potassium in the haemolymph of the African migratory locust is about 5:1 but 
the potassium content is readily decreased by as much as 50% of its normal 
value by starvation. Such a low potassium level is an essential condition for 
the maintenance of the marching state of hoppers.?” The optimum ratio of 
potassium to calcium ions for maintenance of the tonus of fore-gut muscles 
of Dytiscus marginalis is 0¢4.7° 


(ii) Other invertebrates 


The potassium content of fresh muscle of Helix pomatia is: heart 0°311, 
foot 0°312 and columellar 0°364%.7° The changes in tone of the Helix crop 
when the potassium concentration is varied resemble closely those occurring 
in vertebrate smooth muscle under similar conditions.*° When increasing 
concentrations of potassium chloride are applied to the foot of a snail, the 
chronaxia at first decreases to a minimum and then increases beyond the 
normal value.** 

Potassium chloride caused marked excitation of the nerve cord of the 
earthworm.*? The effect has been studied of a number of inorganic salts, 
including potassium salts, on the photic orientation of the worm Allolobophora 
foetida. Potassium sulphate in generai causes a weakening of the orienting 
function both of the ventral nerve cord and of the brain.** Application of 
potassium iodide solution greatly reduced attack by tne eelworm, Meloidogyne 
hapla, on tomato plants grown in infested soil provided that the soil did not 
contain material from old infected roots.** The potassium content of Ascaris 
lumbricoides varies considerably with the composition of the external medium.” 
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3 POTASSIUM AND VERTEBRATES 


There have been a number of reviews of the literature on the importance 
of potassium to the health and well-being of mammals. Earlier reviews, 
previous to the 1939-45 war, tend to be rather general.’** Excellent reviews 
are available of recent work on more specialised topics; thus, potassium as a 
pharmacological sensitiser,®’ its clinical importance, © its role in physiological 
and pathological. Processes, 4° its importance in cell physiology,” the ‘biolo- 
gical antagonism’ of sodium and potassium,‘*** and the relation of potassium 
to hormones," * to normal metabolism,***’ and to abnormal metabolism in dis- 


ease.’ 
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(i) Occurrence and distribution 


There are a number of recentreviews on the determination of potassium in 
animal tissues."* Potassium may be determined in tissues either by aqueous 
extraction followed by the cerous sulphate method,* or by ashing the tissue, 
precipitation of the double salt potassium silver cobaltinitrite and titration 
by thiocyanate of the silver contained in the precipitate.*® A useful method 
has been developed for determining potassium on a semi-micro scale, over the 
range 0°07-0-2mg., which enables the potassium content of blood sera to be 
determined accurately on a OeS ml. sample.’ In the most recent methods potas- 
sium is transferred from the tissue to aqueous solution either by aqueous ex- 
traction® or by electrolysis’ and determined by flame spectrophotometry, usually 
‘abbreviated to flame photometry. 

Reviews also exist of the recent literature on the general distribution of 
potassium in animal organisms,’*’? the equilibrium between cellular and extra- 
cellular potassium,” the pathology of abnormal distribution’* and the use of 
potassium salts in the therapy of such pathological states.***° The normal 
distribution of potassium in the tissues and organs of animals is given in Table III. 


TABLE II.- DISTRIBUTION OF POTASSIUM IN ANIMALS 


Tissue Species Potassium per cent. ae 


Eye, vitreous humor 


Refs. p. 2099 


Rabbit 


Whole body 0» 206(at birth) 
Whole body a 0e260 
Whole body Rat 0c 321(fat-free basis) 
Intracellular Dog Oe 460(of cell water) 
Intracellular Chick Oe 560(of cell water) 
Brain Rabbit Oe 360—0e 400 
Bile Dog 0° 021—0°056 
Bile Dog 0°032 
Blood, plasma Rabbit 00168 
Blood, plasma Rabbit 0° 0146 
Blood, plasma Cow 0049 
(0°0277—0° 0786) 
Blood, plasma Cow 0° 004 
Blood, plasma Elephant 
seal 0-018 
Blood, plasma Rabbit 0018 
Blood, plasma Guinea 
pig 0°0172 
Blood, plasma Rat 0:0168 
Blood, plasma Dog 0¢0233 
Blood, serum Horse 0e0172 
(0° 0160—0°0182) 
Blood, serum. Dog Oe 0237+ Oe 004 
Blood, serum Rabbit 0°0176 
Blood, serum Goat 0°0141 
Blood, serum Chick Oe 028+0°005 
Blood erythrocytes Elephant 
seal 0°0272 
Blood erythrocytes Dog 0e04364+0°010 
Blood erythrocytes Sheep Oe 096—0e 376 
Blood erythrocytes Sheep Oe O68—0e 280 
Cerebrospinal fluid | Horse 0°0127 | 
(0°0107—0°0142) 
Egg Hen 0° 107 


O° 484 
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TABLE III.- continued 


Gastric juice, 
fasting 
Gastric juice, 
after meal 
Intestinal juice 
- Liver 
Liver 


Lymph 
Kidney 
Kidney 


Milk 
Milk 
Muscle, white 
Muscle, red 
Muscle 
Muscle 
Muscle 


Muscle thigh 


Muscle intestine 


Muscle heart 


Muscle heart 


Muscle heart 
Muscle heart 
Muscle, auricles 
Muscles, ventricles 
Pancreatic juice 
Seminal plasma 
Seminal plasma 
Skin, whole 


Skin, epidermis 


Skin, cutis 


Tissue Species 


Dog 


Dog 
Dog 
Rat 
Guinea 
pig 
Rabbit 
Rat 
Guinea 
pig 
Mare 
Cow 
Rabbit 
Rabbit 
Chicken 
Rat 
Guinea 
pig 
Guinea 
pig 
Guinea 
pig 
Guinea 
pig 
Guinea 
pig 
Dog 
Rat 
Rabbit 
Rabbit 
Dog 
Boar 
Bull 
Guinea 
pig 
Guinea 
pig 
Guinea 
pig 


Potassium per cent. | Ref. | 


0° 033 


Oe 029 
0: 086 
0 3604 0°023 


Oe 280+0°017 
0° 0130 
0° 316+0°025 


0c 242+ 00023 
02049 
0s 136—> 179 
Oe 369 
0c 328 
> 182+ 0020 
Oe 417402009 


Oe 356+ 0° 009 


O° 506+0+610 


Os 249—0> 267 


02 388—0° 415 


Oe 38 
0+ 38 
0: 36 
0° 191 
O» 262 
0°041 
Oe 215 
02172 


O° 440 


0: 607 


0-310 
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The changes undergone in the potassium content of tissues have been stu- 
died by measuring the content of various tissues of rat, guinea pig and rab- 


bit after storage for various periods of time under different conditions.** 


The 


potassium content of animals varies with age, usually increasing from birth 
to. a maximum at about ten days and decreasing thereafter throughout the life 


of the animal. 
fic organs and tissues. 


49-51 


This applies not only to the whole carcass’” but also to speci- 
It has been found that in rats, rabbits, cats and 


pigs there is more sodium than potassium in the body atbirth, but that the 
sodium content rapidly decreases with age while that of potassium rises until 
the amount of the latter element is almost twice that of sodium.*? 
tissues behave in different ways; thus the potassium content of the vitreous 


Different 
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humor of the ox changes very little with age while the content of the aqueous 
humor changes much more than does that of the serum as the animals become 
older.** The potassium:calcium ratio also varies with age and seems to be 
high when the growth rate is high. eae 

Potassium appears to occur in the largest amounts in those tissues which 
are most active physiologically, such as the pancreas, salivary glands, liver 
etc. Potassium is more abundant in the female ovum than in the male sper- 
matozoon®” although it does occur in the latter.°* In the adrenals of mon- 
keys potassium is primarily located between the fascicular and the glomerular 
zones.’ The potassium contents of the sera of a number of species of wild 
mammals varied between 0:019 and 0°0354%, the extreme values for whole 
blood being 0:029 and 0°:117%.®° The potassium content of the blood cells 
is much higher than that of the surrounding plasma. Common animals appear 
to fall into two groups, the first comprising man, bat, rat and horse, in which 
the ratio between the cell and plasma contents is 27+4, while in the second 
group, sheep, ox, cat and dog, this ratio is 6+4.°' The potassium content of 
the plasma varies during egg production in birds®? and also during menstrua- 
tion.°* The blood potassium content varies from day to day in dogs on a nor- 
mal meat diet but is more or less constant during starvation.“ There was no 
significant difference between the mean blood potassium contents of cock 
and hen turkeys.°* The potassium content of the milk of cows is much higher 
at the beginning of lactation and tends to fall with time.°%®’ The normal 
endolymph of the labyrinthine fluid of guinea pigs contains 30 times as much 
potassium as the perilymph.** 

There appears to be some connection between the heat codtieaen of the 
body and the potassium content of the blood plasma, though this connection 
is obscure. Thus, in a group of male rabbits the blood-potassium was found 
to be high in winter (0°022—0:023%) and low in summer (0°014—0:015%).°° 
Direct sunlight on the skin of dogs caused a slight rise in blood potassium.”° 
Natural hibernation in groundhogs (Marmota mona),”* as well as artificial 
hibernation in rats induced by chilling and partial anoxia,’? is accompanied 
by an increase in plasma potassium, but if the artificial hibernation is induced 
by drugs such as chlorpromazine, pethidine or promethazine there may be a 
large decrease in the plasma potassium content.”*”* Fatal hyperthermia, 
produced either by external heat or by drugs, resulted in high serum-potassium 
contents while large quantities of potassium were extracted from the mus- 
cles.’”” There is an increase in the potassium content of the blood serum 
as a result of anaphylactic shock,’® after oedema of the rear limbs”’ or fol- 
lowing acute respiratory acidosis.*° The potassium content of the muscles 
of dogs increased during parathyroid tetany out not after poisoning with guani- 
dine,** while there is evidence that a potassium deficiency of the intestinal 
cells may contribute to, if not cause, paralytic ileus.** Hypoxia produced by 
decompression causes a marked decrease in the plasma-potassium concen- 
tration®® as does anaesthesia by narcotics.** 

The norma! distribution of potassium in man is given in Table IV. 

The average potassium content of the body calculated from measurements 
of the natural radioactivity agrees well with figures obtained by chemical 
analysis.*© Determinations of the exchangeable potassium by injection of 
“°K indicates that 7-25% of the total body potassium is non-exchangeable.*»*® 
The references in Table IV are arranged in date order for each tissue. For 
each tissue or organ there is a range of variation which is larger than the 
range of accuracy of the method of analysis. Earlier analyses would be car- 
ried out by chemical methods but latterly more refined physical methods have 
been adopted, such as flame spectrophotometry’® and electrodialysis.*%9*%'* 
In the case of some tissues the method of extraction or of preparation is 
extremely important. Thus since blood cells contain about 10 times as much 
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TABLE IV .- DISTRIBUTION OF POTASSIUM IN MAN 


ace al 
-per cent. 

Whole body 

Whole body 


Whole body 
Intracellular 


Exchangeable 
Exchangeable 
Exchangeable 


Bone 


Blister fluid 
Blister fluid 
Blister fluid 


Blood, 
Blood, 


Blood, 


Bloog, 
Blood, 
Blood, 
Blood, 
Blood, 
Blood, 


Blood, 
Blood, 
Blood, 
Blood, 
Blood, 
Blood, 
Blood, 


Blood, 
Blood, 


Blood, 
Blood, 
Blood, 
Blood, 


Blood, 
Blood, 
Blood, 
Blood, 
Blood, 
Blood, 


Blood, 


whole 
whole 


whole 


plasma 
plasma 
plasma 
plasma 
plasma 
plasma 


plasma 
plasma 
serum 
serum 
serum 
serum 
serum 


serum 
serum 


serum 
serum 
serum 
serum 


serum 
serum 
serum 
serum 
serum 


serum 


serum 


| 0°0208 


Oc 136—Oce 284 Chemical analysis 


Oe 21+0°02 y-ray emission 
Oc 17-0» 24 y-ray emission 
0» 196 Isotope dilution 


(Oc 160—0c¢ 224) 
Oe 15-00 21 

Oc 180 

Oc 126 

Oc 104 

Oe 0198—0- 0390 
0e 0169 

0c 01373 

Oe 1938 

0c 182 

(0c 160—0¢ 212) 
Oc 166+0°021 
(children) 

0c 0265 

0° 022 

0c 0148—0¢ 212 
0©0195 

0c 145 

0 0214 

(0c 174—0°0241) } 
0°0198 Chemical analysis 
0° 021(children)|Flame photometer 
0° 020 -|Chemical analysis 
0-0227—-0°0388 |Chemical analysis 
0-018—0-022 Chemical analysis 


-ray emission 
Isotope dilution 


Chemical analysis 


Flame photometer 


Chemical analysis 
Chemical analysis 


0c 0207 
(0°018—-0°024) 
0° 01797 
0°0233 
(0°018—0° 0535) 
Oe 02434 

0c 020—0-034 
000192 

0 020 
(0°0180—0°022) 
Oe 020—0¢030 
0-0194—0- 0218 
0° 0193 

0c 0193 : Chemical analysis 
(0° 018—O> 0206) 

0001847 (Chemical analysis 
(0°0165—0°0210 

0c 01655+ 

0: 00037 

0- 0188+ 

0°00030 


Chemical analysis 


Chemical analysis 


ss 
88 
89 


120 


121 
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per cent. 


Blood, serum 
Blood, serum 


Blood, serum 
Blood, serum 
Blood, serum 
Blood, serum 


Blood, serum 
Blood, serum 


Blood, serum 
Blood, serum 
Blood, serum 
Blood, serum 


Blood, serum 


Blood, serum 
Blood, serum 
Blood, serum 
Blood, serum 


Blood, serum 


Blood, 
erythrocytes 
Blood, 
erythrocytes 
Blood, 
erythrocytes 
Blood, 
erythrocytes 
Blood, 
erythrocytes 


Blood, 
erythrocytes 
Cerebrospinal 
fluid 
Cerebrospinal 
fluid 
Cerebrospinal 
fluid 
Cerebrospinal 
fluid 
Cerebrospinal 
fluid 
Cerebrospinal 
fluid 
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TABLE IV.- continued 


0 016-0: 022 
0+ 0166+ 
0: 00088 
0 02047 
0° 019 
0°0175 
0°0188. 
(0°0156—Os 
0220) 
0c 020-0: 021 
0° 0199+ 
0: 00205 
0° 0175—0°0195 
0 016-0: 018 
0°0176 
0°0172 
(0° 0156—0e 
0188) 
020215 
(0° 01725— 
0° 02505) 
0°0204 
02018-0022 
0: 016-0022 
0° 0196— 
0c 0256 
0: 0246+ 
0-004 


0° 4227 
Oc 3868 
O- 506 
0° 475 


Oe 3968 


| (0 374—O> 463) 


0° 3780 


00131 


O° 0155—0° 0195 


0°012 


0°:0117 


0°010—0-018 


0°010—0°016 


Flame photometry 


Flame photometry 
Chemical analysis 


Flame photometry 
Flame photometry 


Electrodialysis 
Flame photometry 
Electrodialysis 


Flame photometry 


Chemical analysis 


Flame photometry 
Chemical analysis 
Chemical analysis 
Chemical analysis 


Chemical analysis 


122 
123 

95 
124 
125 
126 
127 
128 
129 
130 


131 
132 


133 


134 
135 
136 
137 

98 
118 
100 
102 
103 


97 


138 
139 
140 
141 
142 
143 


144 
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TABLE IV.- continued 


Tissue eee . Method 
per cent. 


Cerebrospinal 
fluid Oe 011—0°015 
Cerebrospinal 
fluid 0°0118 jFlame photometry 
(children) 
Cerebrospinal 
fluid 0°0122—0¢ 0127 
| Cerebrospinal 
“T” fluid 0°01284 
(Oe 0062—0-0330 
Gastric juice |0°0684 
(Oe 05359— 
Qe 09957) 
Gastric juice | 0°070—0:0746 
Gastric juice | 0-0484 Flame photometry 
(Oe 0254—0- 0664 
Liver Os 225—0+ 300 Chemical analysis 
Milk 0:052—0- 112 hemical analysis 
Muscle O> 289 Chemical analysis 
Muscle Oc 28 Chemical analysis 
Muscle Oc 29—0° 37 Chemical analysis 
Muscle Oc 240—0- 608 
‘Muscle 0- 376+ 0°024 
Eye, aqueous 
humor 0-309 
Eye, vitreous 
humor 0-0186 
Placenta O- 209 Chemical analysis 
Pleural 


discharge 0c 025—0 035 Chemical analysis 
Pleural 


discharge 0° 0226 Chemical analysis 
Saliva 0°031—0> 131 
Saliva 0° 0788+ 
0°0156 
Synovial 
fluid Oe 016+0°001 
Skin Oe 200—0e 300 Chemical analysis 
(dry weight) 
Skin 0°322 
Skin 0° 0564+ 
. 0: 0024 Iontophoresis 
Sweat 00232 
Spleen Oc 295—0¢ 342 Chemical analysis 
Tooth, 
enamel 003 
Uterus 0-188 
Uterus Oc 138—0¢ 248 


potassium as the surrounding serum, the greatest care must be taken to avoid 
damage to the cells when separating them from serum.’ There is a progres- 
sive leakage of potassium from the cells on standing, the serum content rising 
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about threefold during 24hr. storage at 4°C.'°°'7! This leakage also occurs 
post mortem in the body so that for accurate results samples must be collected 
within ten minutes of death.**® Venous plasma contained more potassium than 
did arterial blood after the ingestion of glucose but the contents were about 
the same under fasting conditions.°® The content of capillary blood serum 
was greater than that of venous blood.'”” The serum potassium concentration 
varies during the menstrual cycle, reaching a peak at the time of ovulation’”” 
and it decreases markedly during the later stages of pregnancy.'°'”* The 
content of the placental serum is almost double that of the maternal serum.’” 
An inverse relationship has been observed between blood pH and potassium 
concentration.’”*"”" The serum potassium content increases in winter and 
decreases in summer while the serum calcium changes in the reverse manner, 
so that the potassium:calcium ratio changes much more strikingly with the 
season’’®?’7 and in fact with the time of day.’”*1”° The serum potassium con- 
tent is increased when the body is chilled by exposure to low tempera- 
tures.*°'** Scorpion toxin increases the serum potassium concentration 
through its action on the permeability of the red cells.**? Although the cere- 
brospinal fluid is a dialysate of blood plasma, the potassium concentration is 
only about 60% of that of plasma,**’**? and remains virtually constant with 
changing serum potassium concentration.’** The potassium concentration of 
aqueous humor is increased by light’®® and by an increase in the plasma con- 
centration following injection of potassium salts. Acidosis appears to impede 
the transfer of potassium from plasma to humor.'*” Potassium appears to be 
interchangeable with sodium in bone as mixed alkali calcium carbonate.'*® 
Attempts have been made to locate the exact distribution of potassium in the 
various layers and cells of skin by histochemical tests.’® 

The potassium content of the human foetus rises steadily from the 4th 
month to birth from 0:16 to 0°20%*°”* reaches a maximum between one and 
three days after birth and then falls gradually to the adult level.’°*°* The 
total potassium in the human body at different ages can be expressed by a 
simple equation.‘“ There is a tendency for the blood plasma concentration to 
increase with age but the correlation is not statistically significant. The 
potassium content of red cells does not vary with age.""»'” 

The blood-potassium concentration is markedly increased by fatigue’®’ 


and in shock caused by anaphylaxis,’** histamine injection’? or by other 
means.*°° The exchangeable potassium of the body is not affected by dis- 
ease,?™ neither is the content of the red cells greatly affected.1***** In cases 


of sickle cell anaemia the cells lose potassium rapidly when the oxygen ten- 
sion is low.7°? The serum-potassium concentration is reduced in some in- 
fectious diseases” and increased in others.2% In advanced diabetes the 
plasma potassium content is increased, often considerably,? but in diabetic 
coma the blood potassium falls below normal.”°° A potassium deficiency in 
the patient may make adequate control of the diabetes difficult.7°"” Adminis- 
tration of insulin or of glucose tends to reduce the serum potassium con- 
tent.°%?°%9? The potassium concentration of the serum may be rapidly re- 
duced to low levels by persistent vomiting due to intestinal obstruction.?*®** 
Similar losses, imperfectly understood, occur after surgery.”*? The potas- 
sium:calcium ratio may often be a more sensitive diagnostic index of dis- 
ease, being increased in cases of bronchial asthma, hypertonicity and epil- 
epsy,'°?714713 and in circulatory diseases with cardiac insufficiency.”* The 
potassium contents of skeletal and cardiac muscle, of liver and of kidney are 
considerably reduced in subjects dying of congestive heart failure.”** No 
relation has been found between the potassium concentration of the cerebro- 
spinal fluid and neurologic or psychiatric diseases.*® Blood serum potas- 
sium is increased in nephritis and in muscle disease such as tetany’*” or 
myocardial infarct.*** The serum potassium content falls in familial periodic 


Refs. p. 2099 


61-13 BIOLOGICAL PROPERTIES 2099 


paralysis and attacks can be prevented by injection of potassium salts.**° 
The potassium content of the blood serum is considerably increased in cases 
of carcinoma’***%7*® but the ratios of concentrations between potassium and 
other cations are not significantly different from normal.”4° The potassium 
content of many torms of carcinoma is greatly increased often being double 
that of normal tissue.??°??* The potassium concentration of the bone marrow 
is raised in carcinoma as in periods of growth activity again to at least double 
that normal in adults.?% In both Rous and Jenson sarcoma?*»??° and also in 
acute leukemia’”’ the potassium content of the blood and of the tumour tissue 
is abnormally low. 

The natural radioactivity of the human body has been measured by several 
techniques and is deemed to be due almost entirely to *°K; this evidence 
indicates that the body contains about 150g. of potassium.*?®??° Measurements 
with a mass spectrograph of the abundance ratios of the principal isotopes of 
potassium indicate that there is enrichment to the extent of about 1% of *°K 
over *'K in carcinoma,”*° sarcoma?** and in the auricle and small intestine,*** 
while the bone marrow shows a corresponding increase of the heavier iso- 
tope, “*K. Significant separation of the radioactive isotope *°K could not, 
however, be demonstrated by means of a Geiger counter.7**?** Rubidium-86 
has been used to trace the movement through the body of potassium over long 
periods of time, since this element is believed to behave very like potassium. 
One half of the rubidium was excreted in the urine in 58-188 days.?** The 
radioactive **K isotope has been used much more widely for studies of the 
distribution and movement of potassium in the body.7*%7°”? The injected iso- 
tope disappears from the body in five exponential stages, the first being a 
rapid transfer through the capillaries, the second uptake by the kidneys fol- 
lowed by redistribution in other organs, intestine, liver, skin; the third and 
fourth stages represent movement into muscle, the fifth stage elimination from 
the body.”*%*° Muscles depleted of potassium by dieting may be rapidly res- 
tored after administration of potassium salts.** There is a much more rapid 
dynamic exchange between intra- and extra-cellular potassium in other or- 
gans,*** although potassium leaves the cells in bulk only if it can be ex- 
creted.*** There is a rapid loss of exchangeable potassium on starvation.”™* 
The maximum rate of diffusion of potassium into tissues in patients given 
potassium salts intravenously was 12°-9mg./min.*** 

There have been many claims that not all the potassium of biological 
fluids is dialysable or ultrafiltrrable. Thus about 18% of the potassium con- 
tained in cow’s milk is stated to be non-filtrable through collodicn mem- 
branes,”*© while a much greater percentage of the potassium of human milk 
is said to be unionised.*° Only 67% of the potassium of the vitreous humor 
is ultrafiltrable.*7 Although the potassium of the blood serum is claimed to 
be completely removed by ultrafiltration.“»*° a certain percentage of this 
potassium is found to migrate to the anode together with the albumin.**%7** 
Not all the potassium of muscle is extractable by mincing with Ringer solu- 
tion and the proportion unextracted increases in muscle poisoned with gua- 
nidine,?*? 
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(ii) Growth requirements 


The dietary requirements of potassium for normal healthy growth in small 
mammals appears to be. much the same; tat, dog or pig require about 0°15, . 
chick 0°13,? 0°20—0°24,* 0°23—0:40,* pig 0015,5 0°12%° of the diet. There is 
evidence that the actual level depends on the ratio of sodium to potassium in 
the diet;* thus for the rat a potassium supply of 0°18% is adequate in the 
presence of 0°1% of sodium but this may be reduced to 0°15% if the sodium is 
increased to 1% of the diet.” The actual composition of the diet in terms of 
fat and protein also influences the requirement.® The effects of potassium 
salts in the diet on the health of ruminants have been critically reviewed.’ 
The temporary replacement of dietary sodium by the equivalent quantity of 
potassium gave slightly increased milk yields from cows with a normal blood 
Na:K ratio but not from those with a low ratio.*° The calcium:potassium ratio 
is regarded as important in the diet of pigs.*’ Addition of a small quantity 
of potassium iodide to the diet of mares in gestation appeared to result in the 
foaling of stronger and healthier colts.** The minimum potassium requirement 
for human nutrition is 3°3g. calculated on a diet of 2500g.-cal. or 5g. -per 
100 g. protein.’ Additional supplies of potassium are required by the body 
after surgery’* and menus have been prepared to give various levels of potas- 
sium.*® 


(iii) Potassium deficiency 


The biochemical, physiological and pathological aspects of potassium de- 
ficiency in animals’® and in man’”*° have recently been reviewed. 

Potassium supply becomes deficient for rats when it is less than about 
0°01% of the diet, and death usually occurs in 12—24 days among young rats 
although older rats may survive a little longer.7*"* The heart always stops 
in systole.??_ At this supply level the sparing: action of sodium does not seem 
to occur.’ Sexual function is usually impaired and the water intake is reduced. 
The potassium content of the muscles and in particular the heart is markedly 
lowered,** which leads to widespread oedema and lesions in the heart and 
viscera.“* Necrosis and scarring of the myocardial fibres together with 
necrosis of the renal tubular epithelium are typical symptoms of potassium 
deficiency.”?* Muscular but not cardiac lesions are very rapidly repaired 
even by a single day of potassium therapy.” Potassium deficiency in the 
diet of female rats appeared to result in myocarditis in their offspring.*° 
Simultaneous magnesium and potassium deficiencies produced symptoms very 
similar to those produced by potassium deficiency alone.** There is a large 
reduction in the potassium content of the whole body of rats on a deficient 
diet which can be largely attributed to changes in the muscle potassium’*? 
which may in fact be reduced to 40% of its normal value with no effect on the 
rate of oxygen consumption.** Intestinal stasis is produced in rats when both 
potassium and calcium intakes are low.’** Potassium. deficiency is associa- 
ted with a rise in the pH of the gastric juices of rats.*° Sodium chloride may 
become lethally toxic to protein- depleted rats maintained on a potassium defi- 
cient diet.*%*’ The association of potassium and amino nitrogen assimilation 
has been clearly demonstrated inrats.***? The muscles from potassium-depleted 
rats show a large increase in L(+)lysine which appears to replace potassium 
in the muscle so as to maintain the total cation concentration constant.*° The 
condition among horses known as ‘going sour’™** and that of ‘pullet disease’*” 
among chickens have both been shown to be simple cases of potassium de- 
ficiency. 

Experimental potassium depletion in man caused marked changes in the 
serum potassium content and an extracellular alkalosis without the develop- 
ment of severe clinical symptoms,** the chief symptoms being thirst, haemo- 
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concentration and mental confusion.** Such a state of deficiency has been 
maintained for 65 days without harm.** Diets restricted in potassium have 
been produced for the treatment of Addison’s disease.*® Accidental potas- 
sium deficiency may be produced through the over-use of laxatives,*’ through 
losses in saliva among patients unable to swallow this, e.g. because of burns 
of the oesophagus or pharyngeal paralysis,*® through losses of gastro-intes- 
tinal secretions following surgery,*” and after taking such drugs as adreno- 
corticotropin, cortisone derivatives, or p-aminosalicylic acid.°° Potassium 
deficiency, particularly if accompanied by calcium deficiency, may lead to 
intestinal stasis which if severe may become a paralytic ileus.**°' The cen- 
tral nervous system changes occurring during starvation may be caused by 
potassium deficiency,°? as may congestive heart failure.** Solutions of potas- 
sium salts varying in phosphate content have been prepared for the relief of 
potassium deficiency.** 


(iv) Toxicity of potassium 


The pharmacology and toxicology of potassium salts have been reviewed 
recently.°°** The following doses of potassium chloride were toxic on intra- 
peritoneal injection: rabbit, 0°575g./kg. body weight, rapidly fatal;5® mice, 
0°637 mg./g. body weight, 50% mortality;®°* toad, Os8mg./g. body weight, 
50% mortality.°* Just before death the terminal plasma content of potassium 
in mg./100ml. was in rabbits 58~85,°° in dogs 89-149.°*** Death occurred 
at a much lower plasma level in dogs with severe myocardial infarction.“ Oat 
hay may contain sufficient potassium nitrate to kill cattle, since a lethal 
dose, 25g., might easily be contained in 5-6lb. of hay. The toxicity of 
potassium salts also depends on the age of the animal. Thus, 1mg./g. body 
weight is not lethal for very young mice up to 3 days old but the mortality due 
to this dose thereafter increases with age up to 100% at 9 days, finally de- 
creasing after 5-G weeks of age to about 20% for mature mice. Somewhat 
similar behaviour is shown by other species.°7°®* Mice subjected to lethal 
radiation doses of X-rays show increased tolerance to potassium chloride 
followed by decreased tolerance, and a similar behaviour occurs during star- 
vation.®*’ A lethal dose of potassium chloride in mice may be counteracted by 
the simultaneous injection of 10-20mg. of sodium chloride solution but not by 
calcium chloride or glucose.®° The potassium tolerance of mice is greatly 
increased by injection of glutathione, which protects for at least Ghr.’°” 
Prolonged administration of potassium chloride in the diet of rats causes the 
weight of the kidneys to increase, that of the heart to decrease and the glom- 
erular zone of the adrenals to become hypertrophied.’”’* The hearts of rab- 
bits and mice injected with potassium chloride stopped in diastole.”* Potas- 
Sium autointoxication has been observed in rabbits owing to intravascular 
haemolysis of the red cells which released sufficient potassium to stop the 
heart. 

The lethal effect of potassium chloride to man depends more on the con- 
centration of the solution and the rapidity of injection than on the.absolute — 
amount administered. Rapid injection does not allow time for the re-estab- 
lishment of electrolyte equilibrium and a condition of shock results, the sym- 
toms being tachycardia, fall of blood pressure and finally paralysis of the 
respiration and the heart.’° Oral administration of potassium salts (equivalent 
to about 20g. of potassium per person) results in a tetanic syndrome with 
paraesthesia and cramps of the hands and feet, followed by adynamia and 
muscular hypotonia for 24hr.”’ Potassium intoxication may result from adreno- 
cortical insufficiency’® and administration of potassium salts may be danger- 
ous in cases of renal failure.”” Symptoms are produced more readily in sub- 
jects who have been on a low-potassium diet®*° and the typical symptoms appear 
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to be due to a small but rapid increase of potassium inside the cells of the 
heart and kidneys.** Potassium autointoxication may occur in acute uraemia 
but the symptoms rapidly disappear after injection of isotonic sodium chlor- 
ide.°»** As with animals, glutathione has a protective action against potas- 
sium over-dosage.* The use of potassium salts in therapy has recently been 
reviewed.*? Favourable results have been obtained in the treatment of al- 
lergies such as hay fever, asthma and sinusitis by administration of potassium 
salts.°” 
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(v) Metabolism 


There exist a number of recent reviews on the general metabolism of potas- 
sium in health,** on disturbances or abnormalities of metabolism®*° and on the 
disturbances of metabolism during disease or pathological states." 

Control of the concentration of potassium in the blood has been ascribed 
to various regions of the brain; thus such regulatory centres have been re- 
ported in the sinus caroticus,’® in the optic thalamus’’ and in the corpus 
Striatum, the last being said to control the concentration ratio of potassium 
and calcium.’* There is now considerable evidence that the regulation of 
potassium metabolism is an important function of the adrenal cortex.'® Cortin, 
ACTH, cortisone and deoxycorticosterone are all active in reducing the plasma 
concentration of potassium to subnormal levels.”%** All these agents appear 
to affect the rate of entry and exit of potassium into and out of muscle cells, 
ACTH and cortisone tending to reduce extracellular potassium,”” while deoxy- 
corticosterone inhibits the transport into the muscle cells to a greater degree 
so that the cells lose potassium.** Adrenalin administered intravenously 
also causes a marked increase in the concentration of potassium in the blood 
plasma. There is some evidence that this potassium is derived from the liver. 
The increase is only temporary, the excess potassium being rapidly taken up 
by the tissues.”** Thus the intravenous injection into a cat of OeSml. of a 
solution of 1;10,000 adrenalin causes a 65% increase in the serum potassium 
which returns to normal within 15min.”° It is estimated that each molecule 
of adrenalin may control about 10° potassium ions.?” The intracellular:extra- 
cellular ratio of potassium appears to have some influence on the response of 
animals to adrenalin and also on the basal metabolic rate.”* It is possible 
that one function of adrenalin is the maintenance of a constant concentration 
of potassium in the tissues.”? While the ratio in milliequivalents of sodium to 
potassium ions in muscle has been found to be about 3 in normal rats falling 
to 1°9 after adrenalectomy, the ratios are smaller in the presence of glucose 
but the same difference is apparent.*° It has also been shown conclusively 
that the injection of potassium salts stimulates the release of adrenalin by 
the adrenals.***® An adequate supply of dietary potassium is essential for 
the replenishment of protein in starved animals.*” Infection by a number of 
micro-organisms was associated with an increase in the plasma-potassium con- 
centration in rabbits, and fatalities could be prevented by reducing the potas- 
sium concentration by means of cortin.*® 

Potassium appears to be intimately connected with carbohydrate meta- 
bolism.*® Thus, injection of potassium chloride leads to a fall in the blood 
glucose content,*® while the administration of glucose conversely leads to a 
fall in the serum potassium content.** Potassium reduces the oxygen uptake 
of many organs and tissues*?** and appears to play a part in the production 
of lactic acid by ram and bull spermatozoa.** Injection of potassium reduced 
the blood sugar level in artificially produced diabetes,** while the potassium 
level of serum is reduced through conversion to the intracellular phase by ad- 
ministration of insulin.*® Acidosis interferes with this action of insulin.*’ 
Potassium is definitely concerned in glycogen synthesis by rat liver for if 
half the potassium is replaced by the equivalent amount of sodium ion the 
synthesis of glycogen is reduced. Potassium appears to be concerned prin- 
cipally in the phosphorylation of glucose by hexokinase.***° High concentra- 
tions of potassium reduce the rate of glycogen synthesis as does the addition 
of deoxycorticosterone.**** As the potassium concentration of the medium 
surrounding spleen tissue cultures was increased, growth was progressively 
inhibited while the amount of glycogen passed through a maximum.” Both 
ammonium ion and potassium ion have a direct stimulatory effect on glycoly- 
sis by rat tissue which is not antagonised by sodium ions and seems to be 
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connected with phosphorylation reactions.** Aerobic respiration, however, 
is only slightly affected by reducing the concentration of either potassium or 
calcium, butis markedly inhibited if both ions are absent.°®°’ Potassium salts 
strongly increase the oxygen consumption and lactic acid production in brain 
and this effect is completely inhibited by malonate, azide or narcotics.°°™ 
The respiration of rat liver mitochondria is enhanced by the presence of potas- 
sium, rubidium or caesium but not by sodium or lithium, the effect being 
greatly increased by the addition of a heat-stable, acetone-soluble extract of 
microsomes.°*** Potassium has also been reported to be involved in the 
fatty acid metabolism.® 

The concentration of potassium in human parotid saliva has been found 
to remain constant and independent of the secretory rate. This is in contra- 
distinction to the behaviour of sodium.%*? The concentration ratio of sodium 
to-potassium in the saliva varies during the day from 0°25 to 0°42 and is 
highest early in the morning. This variation may be due to a variation in the 
secretion of adrenocorticotropin since this hormone has been shown to con- 
trol the ratio.”°’? The concentration of potassium in tears is also independ- 
ent of the rate of secretion.’* 


(vi) Sweat and temperature regulation 


Sweating is an important method of excretion of potassium salts and be- 
tween 3 and 100mg. of potassium may be lost per day by this route.“* The 
normal potassium content of sweat lies in the range 0°025~0°048% but may fall 
as low as 0°008% during profuse sweating.’*”© The potassium concentration 
decreases with the rate of sweating’’ and also with progressive sweating, 
decreasing from an initial high value to a constant level in about 15 min.7*”” 
The content was not affected by prehydration nor by repetition of the thermal 
stress or exercise.°**' Sweat collected after exposure to 100°F. contains 
more potassium than at 120°F.°? There was no apparent correlation between 
either the sodium or the chloride concentration and the potassium concentra- 
tion of sweat.°* There was a slight rise in potassium content of sweat in 
cold weather. Significant differences were found in the potassium contents 
of sweat collected from different parts of the body, sweat collected in arm 
bags having, for instance, a higher content than total body sweat.** 


(vii) Excretion 


There are a number of recent reviews on the excretion of potassium in the 
urine.°°*! The potassium content of urine normally ranges from 0°097 to 5°68, 
mean 2°38 g. per l., so that a total of 1°56 to 6°66, mean 3°48 g., may be ex- 
creted per 24hr.°? The rate of excretion of potassium remains constant after 
drinking water even though the urine production varies between 0 and 12:6 
ml./min.°*** Beer, on the other hand, is not only a more powerful diuretic 
than water but it also decreases the output of potassium while increasing that 
of sodium.** Although the kidneys are able to conserve potassium to a limit- 
ed degree, continued urinary loss together with restriction of potassium in the 
diet leads to a deficiency of the element. The urine produced under these 
conditions is more alkaline. Restriction of the sodium intake prevents this 
loss of potassium.”®° Breathing 5-7% carbon dioxide causes diuresis with no 
increase in the amount of potassium excreted.’’ A definite correlation has 
been established between sodium and potassium excretion and pH.** Thus 
the infusion of potassium chloride into a dog produces a decrease in plasma 
pH and bicarbonate concentration, while the infusion of sodium bicarbonate 
produces a decrease in the plasma concentration of potassium ion, followed 
by increased excretion.*? The normal alkalosis produced by ingestion of 
sodium bicarbonate is prevented by the simultaneous ingestion of potassium 
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salts.*°° Both potassium and bicarbonate ions depressed the hydrogen ion 


concentration of the urine.‘ The rate of excretion of potassium, as for 
sodium, depends on the activity and posture of the subject, quiet standing 
causing the rate of excretion to be depressed.’** The intravenous injection 
of potassium chloride increases the flow of urine much more than does sodium 
chloride.*°* An increase of magnesium in the diet causes a decrease in the 
elimination of potassium in the faeces.*°* Exposure to extremes of both cold’® 
and heat’®!°? appears, to cause increased excretion of potassium in the urine 
in both animals and man. 

Urine is formed by filtration in the glomeruli of the kidneys of a fluid of 
constant composition followed by subsequent reabsorption and possibly se- 
cretion of a portion of the dissolved electrolytes in another portion of the 
renal tubules.*°® Analysis of fluid from different parts of-the tubules of rats 
indicates that potassium is actively reabsorbed by the proximal convoluted 
tubules*®’ while there is evidence from a number of sources that potassium is 
also secreted by the distal tubules.'?°*** This tubular secretion acts as a 
mechanism to prevent the toxic accumulation of potassium in the body fluids. 
Both potassium and hydrogen ions appear to be excreted in exchange for 
sodium ions, the rate and relative division of the exchange being determined 
by the respective concentrations.''**** A diet rich in potassium produces an 
increase in excretion of 17-keto steroids and an inhibition of reabsorption of 
potassium, and it is thus possible that reabsorption is controlled by ster- 
oids.“%"*” It is also suggested that excretion of potassium may be control- 
led by the degree of tissue-cell saturation with this ion. Injected labelled 
potassium salts are very rapidly taken up by the kidneys and are later re- 
distributed to other organs.**® The rate of excretion in the urine is however 
much slower, only 11% being excreted in 48hr.""° Increase of the ureteral 
pressure causes a marked decrease in potassium. excretion because of the 
reduced filtration rate.’7° The whole problem of electrolyte regulation in 
relation to the excretion of potassium has been extensively discussed.’” 
The excretion of potassium is depressed by adrenalin and nor-adrenalin prob- 
ably because of augmented tubularreabsorption, although the accompanying 
increase in total urine flow suggests that the hormones also interfere with the 
tubular reabsorption of water.’**'7? It is also suggested that nor-adrenalin 
may act by diminishing the tubular secretion of potassium.’** The sodium: 
potassium ratio also rises and the action seems to be identical with that pro- 
duced by the antidiuretic hormone.’ In contrast, cortisone,'*® deoxycortico- 
sterone’”” and adrenocorticotropin (ACTH)’* all increase excretion of potas- 
sium because of inhibition of renal tubular absorption. There is some evi- 
dence for the production by the adrenal cortex of a specific salt-retaining 
hormone, not identical with cortisone.’”® Pituitrin and pitressin, but not 
pitocin, cause an increase in potassium excretion.'*°"** The hypophyseal — 
growth hormone increased potassium excretion in rats’*? while vitamin E de- 
creased excretion.’** 

There is a marked diurnal rhythm in the excretion of potassium which is 
linked to the simultaneously occurring rhythm in the acid and alkali excre- 
tion.'*7'35 Although the normal cycle is 24hr. some individuals appear to 
have a 12hr. cycle. The rate of excretion of potassium is minimal at 2a.m. 
and maximal at 10a.m.'*7 Seasonal and geographic variations may be super- 
imposed on this nyctohemeral rhythm.*** This excretory rhythm does not ap- 
pear to depend on adrenal hormones.’*’ ' 

Ion exchange resins have come into therapeutic use for the control of the 
electrolyte balance of the body. Different types of resins are available and 
the ion predominantly excreted depends on the type and form of the resin. 
Thus a resin in the sodium form may exchange this sodium for potassium,**° 
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while another resin in the hydrogen or ammonium form has been found to ab- 
sorb sodium, potassium and magnesium in the ratio of 11:5:1 respectively.*** 
A procedure has been described for determining the exchange capacity and 
the optimum potassium content for clinical use.*** Considerable quantities 
of potassium may be removed from the body by feeding the resins.'***** Most 
of this potassium comes from the cells and there may be a temporary increase 
in the blood concentration of potassium and an increase in excretion via the 
urine.**° Simultaneous administration of ethylenediamine-tetracetic acid and 
a cation exchange resin resulted in a marked increase in the capacity of the 
resin for sodium and potassium.*® The amount of potassium bound by a 
resin depends directly on the speed of transit through the gastro-intestinal 
tract, in contradistinction to the behaviour of sodium.'*”'*® Rats after whole 
body X-irradiation lose potassium from bone and bone marrow with a resultant 
increase in the urinary and faecal excretion of potassium.**? Rubidium behaves 
very like potassium in the body, the urinary excretion being 52% of that of 
potassium. Both elements may be excreted without entry into the major 
body compartments.**° 
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(viii) Physiological effects of potassium 


(a) Action on tne whole organism. 

Following the intravenous injection of a 1% solution of potassium chloride 
there is a relative decrease in the lymphocytes and monocytes and an increase 
in neutrophils in man’ while the red blood cell count is increased in most 
cases.” Potassium may markedly accelerate haemoglobin formation, par- 
ticularly when the diet is low in iron.* Injection of potassium chloride in 
doses of 0°03—0°08 g. per kg. causes hyperglycaemia in fasting rabbits,*” and 
may also cause a transient recovery in dogs in insulin coma provided this 
coma is not of the irreversible type.®° Potassium has a marked hypertensive 
action, injection of 15mg. per kg. in dogs causing a rise of about 50mm. in 
arterial blood pressure,’ while conversely restriction of the intake of potas- 
sium in the diet lowers the blood pressure.*” Injection of potassium chloride 
also causes an increase in the blood calcium of dogs and counteracts the 
Curariform paralysis produced by injection of magnesium salts.*° ihe 
potassium ion appears to stimulate the growth of both normal and neoplastic 
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tissues. Not all types of carcinoma, however, are stimulated to growth.’*"* 


Potassium ions cause an increase in the absorption of glucose through the 
intestinal wall in dogs,*® though absorption may be decreased in some parts 
of the intestine.’” Potassium chloride appears to stimulate the secretion of 
gastric juice by dogs,’® but the action of potassium iodide is very slight.’ 
Potassium ions also depress the rate of. respiration probably through direct 
action on the receptors of the carotoid sinus?°”* and act as a synergist to 
thyroxine,”*** and to some convulent drugs such as pyramidone and codeine.™ 
Injections of potassium salts produce characteristic skin reactions with per- 
sistent localised inflammation and pain.*»?® Potassium and calcium ions ap- 
pear to produce opposing and reversible effects on colour vision.” From time 
to time attempts are made to explain the biological effects of potassium in 
terms of its natural radioactivity, but experiments fail to prove this.?*** 


(b) Effects on Muscle. 

The potassium content of muscles appears to be related to function; thus 
white rabbit muscle, capable of rapidly contracting, contains 20-30% more 
potassium than red muscle, capable of only slow contraction®*»*® and after 
section of the nerves to the muscle the content decreases considerably.*’ 
Histochemical localisation of potassium in muscle fibres shows a general 
distribution throughout the fibre,** and a close association with glycogen de- 
posits, noticeable where these are prominent, as in cases of infarction.” It 
is claimed that the major part of the potassium is localised in the anisotropic 
zones of the myofibrils, being retained there by electrostatic forces.*° There 
is a high degree of correlation between muscle potassium and serum bicarbon- 
ate and intracellular sodium concentrations.** Injection of potassium chloride 
solutions results in a transitory rise in muscle potassium which returns to 
normal in about one hour.*? The skeletal muscles of many species which are 
helpless at birth such as dog, cat, rabbit, etc. have a low potassium content 
at birth and an abnormally long chronaxia. After a few days, however, when 
movement becomes more rapid, the potassium content and the chronaxia ap- 
proach the normal adult values. At between one and two months of age the 
muscles contain a higher potassium content than at any other time of life.***° 
. The changes in intracellular and-extracellular potassium of muscle during 
growth and ageing have been followed histochemically in the rat. The potas- 
sium concentration of whole. skeletal muscles decreases during growth and 
continues to fall during senescence although the concentration inside the 
muscle fibres undergoes no significant change.*’ 

Dietary deficiency of potassium results in a fall in muscle potassium and 
an accompanying decrease in the intestinal mobility of rats.***? The potas- 
sium content of muscles varies with exercise and training, falling slightly 
between 20 and 48hr. after exercise and subsequently being greatly increased 
3~4 days later.°° During the progress of atrophy ofa muscle following de- 
nervation there is a steady fall in the potassium content as compared with a 
normal muscle, selective permeability being rapidly lost and potassium being 
exchanged for sodium inside the cells.*** The potassium content of muscle 
is increased by respiratory acidosis caused by breathing a high concentration 
of carbon dioxide for 2-3 weeks.** Occlusion of the circulation by tourni- 
quets or other means causes a loss of intracellular potassium, replacement 
by sodium and the resultant impairment of muscle function.**°’ The muscle 
potassium content may be reduced in some pathological muscle states but not 
in others.°*®° In some degenerative muscular diseases serum potassium is 
reduced,” but even where this is unchanged there is usually a marked decrease 
in exchangeable potassium.®? It has been suggested that the cause of death 
in a caseof delirium tremens was an abnormally high serum potassium concent- 
ration, the potassium being derived from muscles maintained in severe, con- 
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tinuous activity.°* A similar rise in serum potassium accompanied by mus- 
cular pain and weakness has been observed as a result of excessive exer- 
cise of the forearms. A 15% reduction in muscle potassium may be sufficient 
to explain the ‘kangaroo’ posture of biotin-deficient rats.°° Muscles can be- 
come paralysed when the surrounding solution contains too high a concentra- 
tion of potassium,°**’ and present knowledge of the role of potassium in many 
muscular diseases has been reviewed.°*® In congenital myotonia the mus- 
cles are five times as sensitive to potassium as normal muscle.”° In familial 
paralysis the serum potassium concentration is greatly reduced, but the im- 
mediate cause of attacks is the lowering of intracellular muscle potassium, 
Since attacks are not caused by reduction of blood serum potassium after in- 
jection of adrenal cortex extracts.”"’? Potassium excretion is actually de- 
_creased during attacks. There is some evidence that the potassium content 
of the muscles is reduced as a result of increased intermediate carbohydrate 
metabolism in the liver.’*”* 

Calcium and potassium salts appear to have opposing effects on isolated 
intestine and uterus, potassium having a depressing effect on low and a sti- 
mulating effect on high concentrations, while calcium behaves in exactly the 
opposite manner.’”®’’ After injection the two salts similarly have opposing 
actions on the contractions of the frog stomach, potassium chloride causing 
cessation of motility while calcium chloride causes the development of slow 
wave-like contractions.”* These effects have been correlated with the known 
effects of the two ions on membrane permeability and potentials, irritability 
and chronaxia.”® Introduction of potassium chloride into the central nervous 
system increases the chronaxia of the skeletal muscles while calcium chloride 
has the opposite effect.°° Isolated rabbit intestine is paralysed by solutions 
of magnesium chloride but not by mixtures of potassium and magnesium chlor- 
ide, suggesting a similar opposition between the effects of these two ions.” 
Potassium ions oppose the action of adrenalin on the isolated frog stomach,” 
while adrenalin abolishes the paralysis caused by potassium ions on the rat 
phrenic-diaphragm preparation.®® Injection of adrenalin causes an initial 


decrease followed by an increase in the rate of loss of potassium by mus- 
cle. 

Potassium ions are released from muscle during stimulation.°°*’ Potas- 
sium salts appear to have a direct action on the muscle fibre itself and not 
exclusively on the neuro-muscular transmission.*°’! Thus the ion causes 
contraction even during deep narcosis,*? while in vivo injection of potassium 
salts causes contraction in muscles which have been denervated 6-14 days 
previously.”* There is also considerable evidence that potassium is con- 
cerned in the neuro-muscular transmission, perhaps by stimulation of release 
of acetylcholine.*°® The amount of potassium released during contraction 
was found to be related to the number of stimuli applied to the muscle and not 
to the total tension developed.’® The release of potassium ions during con- 
traction is accompanied by a decrease in volume of the muscle which agrees 
with the volume decrease associated. with the ionisation of the same amount 
of potassium.*°° Attempts have been made to correlate penetration of potas- 
sium ions into the muscle fibres with changes in twitch tension and recov- 
ery,'°»'°? and with the heat production.*°* A threefold action has been sug- 
gested for potassium: first, an action due to the difference in concentration 
of ions on both sides of the muscle membrane; second, a direct action on the 
membrane itself antagonised by calcium ions; third, an action on the muscle 
colloid itself. The importance of calcium is shown by the fact that pre- 
treatment with citrate or oxalate (which would precipitate calcium ions) ab- 
olishes response of muscle to potassium.*°*°® Both calcium and potassium 
ions seem to be required for the polymerisation of actin'®” while myosin threads*”® 
and surface-spread actomyosin fibres’? contract and elongate as the concen- 


Refs. p. 2121 


2118 POTASSIUM 61-16 


tration of the surrounding potassium chloride changes. The influence of potas- 
sium and calcium ions on the electrophoretic behaviour of myosin has also 
been studied.4*° Adenosine triphosphate is concerned in the contraction of 
muscle fibrils under the influence of potassium and it has been suggested that 
this substance removes or inactivates some compound which inhibits the dis- 
sociation of bound cations.*'? Some thermodynamic studies have been car- 
ried out on the contraction of tendons treated with potassium chloride.'!??% 
The reversible dismutation of adenosine triphosphate by myokinase is strongly 
inhibited by potassium, sodium, magnesium or calcium chlorides when these 
have an ionic strength greater than 0°6.'* 

There have been several attempts to demonstrate that not all the potas- 
sium in muscle is freely diffusible but that a considerable proportion is ‘bound’ 
in some way, a fraction of this ‘bound’ potassium being released during each 
contraction of the muscle and being returned during relaxation,****”° but this 
has proved very difficult to confirm.’7**** When muscle-is immersed in a solu- 
tion containing 0°010% of potassium ion, potassium diffuses from the muscle 
to the solution but if the concentration of the solution exceeds this value. 
potassium enters the muscle.'?*'*© The potassium content of muscle is also 
changed after damage or injury. Anoxia leads primarily to an increase in the 
rate of outflow of potassium whereas exposure of the muscle to cold results 
mainly in a decrease in the rate of influx of potassium.’””*”* Denervation of 
muscles also causes a substantial increase in therate of loss of potassium.'?”'*° 
The rate of loss is increased by histamine,**’ strophanthin or 2,4-dinitro- 
phenol.***'*3 The electric excitability of frog gastrocnemius muscle is not 
lost until 70% of the potassium has diffused out.*** Studies. with the radio- 
active isotope **K have shown that the extracellular space of the rat extensor 
digitorum longus muscle is 0°10—0°15 of the total volume and that the potas- 
sium in this space exchanges with a half time of 5-7min. as compared with a 
half time of le5hr. for the intracellular potassium.’** Although the rate of 
exchange is about the same in normal and dystrophic muscle,’*** the total potas- 
Sium exchanged in a given period in the whole body is reduced in cases of 
muscle dystrophy.’*° Observations of the exchange of potassium and water 
by stretched and unstretched muscle immersed in solutions of different con- 
centration indicate that muscle cannot be regarded as a simple osmotic sac.**” 
The potassium flux in frog muscle in 2°5mM. potassium chloride is 4°5 uM./ 
cm.?/sec.', the flux doubling in 5mM. solution.'** The efflux of potassium 
from muscle can be reduced by increasing the calcium content of the sur- 
rounding solution and the effect of calcium in turn abolished by once more 
increasing the potassium concentration of the solution.'**'*° Some evidence 
has been adduced that potassium does not penetrate through the cell walls 
but into the extracellular space.***"** The potassium content of muscle de- 
pends on the pH of the surrounding solution’** and potassium ions can ex- 
change with hydrogen ions. The velocity constant of ion exchange at 25°C. 
calculated as a second order reaction is 1°68 x 10°.*** It has been shown by 
several different techniques that the formation of glycogen from glucose and 
the uptake of potassium by muscle are coupled in some ways.’*****’ It has 
also been well established that there is a reciprocal relationship between the 
content and movement of sodium and potassium ions in muscle.****° Early 
attempts were made to explain the ion distribution by means of a Donnan 
equilibrium between potassium and chloride ions separated by the muscle 
membrane,*°»**? but it is now generally agreed that the distribution must be 
due to active transport, i.e., that the muscle membrane is freely permeable 
to ions, that the internal concentration of potassium is maintained by means 
of an electrochemical gradient and that sodium which can freely enter the 
cell is actively transported outwards by a sodium extrusion mechanism (the 
so-called ‘sodium pump’).** (See also Volume II, Supplement II, page 1430). 
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Potassium leaves the interior of the cell and is replaced by sodium during 
contraction while during relaxation sodium is actively extruded and potassium 
re-enters the cell.*** If the outward movement of sodium is stopped, there is 
no accumulation of potassium, which suggests that the important factor is 
extrusion of the sodium ion.'*® 

Potassium is able to induce contractions in muscle which has been fati- 
gued through being deprived of oxygen.'*° Potassium ions in solution up to a 
a concentration of 0°:035—0°045% increase the oxygen consumption of muscle 
because of the breakdown of phosphocreatine, but at concentrations above 
0°:060% phosphocreatine is re-synthesised.’*’ The element appears to aid 
the transfer of phosphate from 3-phosphoglycerate to creatine.'®® It is claimed 
that a relaxing factor has been isolated from muscle which induces relaxation, 
the action being inhibited by potassium ions.'** 

From known relative permeability coefficients of potassium, sodium and 
chloride ions the muscle membrane potential has been calculated and found 
to agree well with measured values.'®° The breakdown of the membrane po- 
tential is accompanied by liberation of potassium ions following destruction 
of the membrane.** The degree of depolarisation of frog sartorius muscle 
is linearly related to the logarithm of the potassium ion concentration in the 
external medium. The rate of depolarisation by O°1M. potassium chloride 
is very rapid at the fibre surface and from a study of the rate of depolarisation 
of bulk muscle the diffusion coefficient of potassium into the muscle, which 
is the limiting factor, is 10*cm.?/min.*®? A potential of 80-120 V. appears 
to be necessary to recharge muscle membrane depolarised by potassium chlor- 
ide.*** The injury potential of frog muscle is not completely abolished by 
removal of 99% of the potassium ions through soaking in water.’ Although 
potassium and magnesium ions have similar effects on muscle impedance 
measured at high frequencies, they have much the same effects on polarisa- 
tions.” 

Rats maintained on a potassium deficient diet for long periods develop an 
abnormal carbohydrate metabolism in the muscles whose pH is also lowered.’® 
In such rats acetyl-G-methylcholine stimulates intestinal motility although it 
is without effect on normal rats.*” Veratrine and sodium thiocyanate augment 
the action of potassiumions on guinea pig ileum.*®* Potassium ions are strong- 
ly antagonistic to curare and synthetic curarising agents,'°*’”° but curare does 
not liberate potassium ions from muscle and its activity thus does not depend 
on potassium.’”* Muscle relaxing agents such as succinylbischoline or deca- 
methonium do cause the liberation of potassium from muscle and this libera- 
tion is neutralised by curare.’”*"’* The paralysing action of strophanthin is 
also accompanied by a release of potassium from muscle.’ Many agents 
such as caffeine, theobromine and theophylline increase the sensitivity of 
muscle preparations to potassium ions.’”* With some drugs such as veratrine 
the sensitisation is an action on the muscle fibre itself, while other drugs 
such as guanidine, aminopyridine or tetraethylammonium salts appear to sen- 
sitise by acting on the myoneural synapses.*”® Indole and many of its deri- 
vatives enhance the action of potassium on striated muscle but inhibit the 
action on smooth muscle.’’”?”* Although morphine potentiates the effect of 
potassium on frog muscle,*”® many other local anaesthetics desensitise the 
response.’°”1*! Vitamin A and calcium pantothenate also decrease the sen- 
Sitivity to potassium’®? while potassium ions cause sensitisation of muscle 
in different degrees to many drugs, e.g. neostigmine, pilocarpine, eserine, 
etc. 


(c) Effects on Heart and Vascular System. 
Although differences are frequently found in the potassium contents of 
the right and left ventricles, these differences can be attributed to differ- 
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ences in water, fat and connective tissue contents.*® 
very like potassium in its action on the heart whereas caesium is different. 
Calcium and potassium have opposing actions on the mammalian heart.**° 
Thus calcium salts neutralise the toxic effects of potassium on frog heart.’®’ 
Magnesium ions intensify the action of calcium but cannot replace it.**® The 
combined effects of potassium and calcium in the contractibility and excita- 
bility of the mammalian heart show some differences from the action on the 
frog heart.**? It has been deduced from the temperature coefficient. of the 
heart beat that potassium is the dominant ion for automaticity and calcium 
for amplitude.’?*?** An increase in the potassium concentration of the per- 
fusing fluid causes diastolic arrest of the isolated heart, while increase in 
calcium causes the heart to stop in systole.1°%'?? The well-known inhibi- 
tory action on the heart of vagus nerve stimulation may be due to the liberation 
of free potassium ions inside the muscle cells.’* This action of the vagus 
is diminished by increasing the ratio of potassium to calcium ions in the 
perfusing fluid and intensified by reducing the ratio.’ In some circum- 
stances the actions of the vagus and sympathetic nerves may actually be 
reversed by altering the concentrations of ions, the vagus being made to sti- 
mulate and the sympathetic nerve to inhibit.’?° Potassium ions stimulate the 
cardiac accelerator and inhibitor centres of the brain.’°”*®® Increase of tem- 
perature antagonises the action of potassium on the frog heart.'?? The actual 
effect of potassium ions depends on the previous history of the heart and may 
be reversed after certain treatments.”°° Potassium ions act on the heart in 
the opposite manner to acetylcholine and from the comparison of the actions 
of the two substances it is concluded that potassium has a negligible in- 
fluence on the transmission of vagal nerve impulses to the auricle but that 
acetylcholine is the effective agent.?°"?°* There is some evidence that acetyl- 
choline .is connected with the transfer of sodium and potassium ions through 
the walls of the myocardial fibres.2%?° The action of adrenalin on the heart 
depends on the presence of potassium and calcium,.?°%?” 

The effects of potassium on the electrocardiogram have been described.” 
Electrocardiographic abnormalities appear to be correlated with the intra- 
cellular potassium content rather than with serum potassium since consider- 
able changes in the serum potassium may occur without effect on the electro- 
cardiogram.*°»7*° The most characteristic sign of raised blood potassium, 
however, iS an increase in the amplitude of the T wave,”*»*? which during 
fatal potassium intoxication becomes tent-shaped.**"** Direct application of 
potassium chloride solution to the sinus venosus of the exposed frog heart 
caused definite signs of de-synchronisation between the two halves of the 
heart.2*” An increase in the potassium concentration of the surrounding 
solution up to 0°020% increased the excitation conduction of frog heart strips 
but greater increases reduced conduction until blocking occurredeventually.?** 
There is a continual exchange between cellular and extracellular potassium in 
the isolated frog heart.7*? During fatigue rat heart strip preparations were 
observed to lose 13°7mM./kg. of potassium ion and to gain 23-9mM./kg. of 
sodium ion.?7° The average transfer rate between the interstitial and intra- 
cellular pools in the left ventricle of the dog heart is approximately double 
that between plasma and interstitial pool.?74, Potassium promotes the syn- 
thesis of creatine phosphate in the heart?”? and a significant decrease in dipotas- 
sium phosphocreatine was found in cases of congestive heart failure.?”* 

Injections of potassium chloride tend to suppress auricular fibrillation?” 
but the effect is much weaker than that of quinidine.?* Slow intravenous 
injection of potassium salts brings about intraventricular block and diastolic 
arrest. It is unlikely that toxic concentrations will be attained in man by oral 
ingestion.” The subject of cardiac arrest by potassium has been reviewed,” 
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andelectrocardiograms described.** In the rabbit injection of potassium chlor- 
ide produces widespread block in all parts of the heart, but if the injection is 
rapid ventricular fibrillation ensues.””° In the isolated heart such fibrillation 
is induced by a tapid elevation of concentration of calcium ions to a critical 
concentration which is dependent on the actual prevailing potassium concen- 
tration.**° In cases of congestive heart failure there is a marked loss of 
cardiac potassium owing mainly to overwork.’ 

The action of caffeine on the heart consists of a sensitisation to the 
effect of potassium.”*? Potassium decreases the action of aconitine on the 
ventricle.”** Chloral hydrate and potassium have similar toxicological prop- 
erties,*** while strophanthin markedly increases the action of potassium 
chloride on the heart.”** Digitoxin or digoxin causesan increase in plasma 
potassium in dogs sufficiently high to produce arrhythmia.**® Ouabain in- 
creases the paralysing action of potassium salts on the frog heart?*’ but 
camphor derivatives have an antagonistic action on potassium intoxication.”** 

A method for the determination of cardiac output using **K has been des- 
cribed and claimed to have many advantages over other methods.”*? It has 
been claimed that the biological effect of potassium on the heart is due to 
the presence of the natural radioactive isotope and that uranium ions or radon — 
may be substituted for potassium.%°**? It has been shown, however, that 
uranium cannot replace potassium and that the action of the radioactive ele- 
ments is quite different.7***° 

By direct observation on frogs it was found that potassiumions are without 
effect on the blood vessels of the lung, cause constriction of the intestinal 
vessels and dilation of those of the kidney and adrenals.” Potassium 
causes constriction of the coronary blood vessels of warm-blooded animals*** 
and in general appears to be vasoconstrictive in contrast to calcium.”*”?°° 
Repeated injection of solutions of potassium chloride into rabbits induced 
the formation of a thin, loose, flattened vascular membrane.*’* Injection of 
1-5 mg./kg. of potassium chloride into dogs causes a marked if transient rise 
in blood pressure which appears to be due partly to a release of choline and 
an adrenalin counteraction and partly to direct entry of the cation into the 
smooth muscle fibre.?°?°° 
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(d) Effects on Brain and Nerve Cells. 

The role of potassium in the activity of nerve cells has recently been 
reviewed.’»* Wide variations are found in the potassium content of fresh 
nerve tissue of small mammals; thus in cats, dogs and rabbits the range* is 
from 0°076 to 0°360%. Starvation for only two days causes potassium to be 
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lost from nerve cells.‘ Asphyxiation also causes increased losses® while 
polarisation by the application of a steady potential kills frog nerves and 
results in migration of all the contained potassium.® Extraction of potassium 
compounds from brain and nérvous tissue with lipoid solvents under various 
conditions suggests that the element is present in more than one form, one of 
which is soluble in water-free alcohol or ether.”"* There is a steady ex- 
change between the potassium of adult rat brain and that of the blood plasma 
and measurements of the efflux and influx indicate that all the brain potas- 
sium is freely exchangeable.” Similar measurements with “*K, however, sug- 
gest that this is true for young rats but not for adults in which 20mg.K/kg. 
wet brain tissue fails to exchange with the plasma potassium.*® The grey 
matter ofrabbit brain contains slightly more potassium than the white matter.” 
Autoradiographic methods show that the distribution in rat brain of **K after 
intraperitoneal injection is fairly homogenous, slightly higher concentrations 
being found in the cerebral and cerebellar cortex, basal ganglia and in the 
roof of the fourth ventricle.** The radioactive isotope, “*K, has been found 
useful for the location of cerebral tumours since it tends to accumulate in 
tumour tissue.’* Characteristic changes in the electro-encephalogram were 
caused by increasing the potassium content of the fluid perfusing the cere- 
bral ventricle of cats.** 

Potassium salts appear to have a stimulating action on isolated nerves 
while calcium ions have a depressing effect.’**® It is possible that a defi- 
nite ratio between the concentrations of the two ions is necessary for correct 
functioning of all nerves.*’** An increase in the concentration of potassium 
can counteract the effects of calcium deficiency in the nerve.*° Cochlear 
microphonic and action potentials were reduced by increasing the concentra- 
tion of potassium chloride in the fluid perfusing the guinea pig cochlea.” 
Potassium ions acting on the retina of the excised frog eye caused character- 
istic changes in the electro-retinogram.”” Administration of potassium hyd- 
rogen phosphate to dogs stimulates the sympathetic and inhibits the para- 
Sympathetic centres, thus depressing gastric secretions and decreasing 
motility of the stomach.”* 

‘The general behaviour of sodium and potassium ions in nerve conduction 
is now well-known, although an exact explanation of their role is not yet 
possible. (See also Volume II, Supplement II, page 1431). In resting nerve 
there is inside the axon a high concentration of potassium and a low concen- 
tration of sodium ions, the opposite situation existing outside the axon. As 
a result a well-defined membrane potential exists between the inside and the 
outside of the nerve fibre. Passage of an impulse along the nerve causes 
sodium ions to enter the axon and potassium ions to leave until the membrane 
potential is reduced to zero and even reversed. In the recovery process 
which follows, sodium ions are actively transported out of the axon by the 
so-called 'sodium pump’ mechanism and potassium ions enter to restore the 
resting state.** Application of solutions of potassium chloride stronger than 
physiological (0°9%)to the myelin sheath ofa nerve prolongs the transmission 
time across the treated segment*® and blocks conduction by the nerve owing 
to depolarisation.**"* The inexcitability of nerves after asphyxia in nitro- 
gen has been shown to be due to release of potassium by the nerve fibres, 
and its accumulation in the interfibre spaces.” The energetics of the sod- 
ium-potassium transfer have been calculated.** The temperature at which 
conduction block occurs and also that at which the membrane potential is at 
a maximum appear to depend onthe concentration ratio of potassium to cal- 
cium ions.** The rate of movement of potassium in rabbit nerve is decreased 
4-5 fold by reducing the temperature from 18°C. to 0°C., while the rate of 
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entry is diminished more than the rate of efflux so that the net result is a 
loss of potassium from the axon.*? The sodium and potassium concentra- 
tions of the middle third of isolated frog nerve immersed in Ringer solution 
did not change significantly, for, although potassium was released all along 
the length of the nerve, the loss was replenished by diffusion into the middle 
from the end sections.** Potassium exchange from the superior cervical gan- 
glia of rats, rabbits, cats and dogs incubated in saline containing **K had 
reacheda steady state after four hours, but the exchange was only to a limited 
degree a first order reaction." The rate of exchange was unaffected by re- 
moval of the axons.**® The effects of various treatments (anoxia, cocaine, 
veratrine, glucose, etc.,) on the transport of sodium and potassium ions in 
frog sciatic nerve have been studied. The bioelectric potentials calculated 
on the assumption that the potential is due primarily to potassium ion migra- 
tions are consistently higher than the measured potentials.*° The diffusion 
and exchange coefficients of the core of the frog Sciatic nerve are estimated 
to be 1/300 of those in free aqueous diffusion.*’ There is a striking differ- 
ence between the rates of diffusion of potassium into nerves with and without 
intact epineuria.** The average outward movement of potassium from whole 
nerves into normal Ringer solution has been measured as 1: 6 x 10° of the 
internal potassium per impulse or 2*7 ~ 3*6 x 10™*mole per cm.” per impulse. 
The rate of loss is roughly proportional to the stimulation rate.*? The lower- 
ing of the stimulation thresholdafter treatment with barium salts has been as- 
cribed to a decrease in the permeability for potassium.*° 

An increase in the potassium concentration ofthe solution surrounding an 
isolated nerve causes a decrease in the amplitude of the spike potential and 
in the after-potential, while recovery is delayed. ‘142 The amphibian nerve 
may be depleted of 50% of its contained potassium without affecting the am- 
plitude of the action potentials, although the time course of depolarisation by 
externally applied potassium is lower. * The depolarisation of nerves by ex- 
cess potassium ions may be inhibited by increasing the sodium ion concen- 
tration.** The different effects of temperature on the depolarisation of nerves 
by ions suggests that potassium andrubidium act by a different mechanism from 
that for ammonium or lithium ions.** Potassium ions increase the anelectrotonic 
potentials of frog spinal root nerves, while rubidium ions increase the nerve 
reaction.“© The possible importance of the internal potassium concentration 
to the functioning of nerve and in particular to the maintenance of the resting 
potential has been critically examined, and it is pointed out that the presence 
of a high internal concentration of potassium is not alone a sufficient reason 
for ascribing great importance to this ion when there are other constituents 
present.’’ A mechanical model of a motor nerve could in fact be produced 
without the use of potassium salts.** A comparative study with nerves of 
different species of animals indicates that it is the fibre membrane which 
maintains the gradient of potassium concentration between the exterior and 
the interior and that the amount of myelin is unimportant for this.*? Leakage 
ofaction current throughthe myelin sheath i isincreased by immersing the nerve 
in 4°5% potassium chloride solution.* Potassium behaves like a narcotic in 
its effect on the electrical rectification of nerves.” 

Acetylcholine, liberated when a nerve is stimulated, antagonises the de- 
pressant action of potassium ions on the nerve.” Parase iad ions are found 
to act as an inhibitor of cholinesterase so that the hyperirritability of motor 
nerve may be due to a delayed destruction of acetylcholine liberated at the 
endings.® The prolongation of the refractory period of frog sciatic nerve by 
potassium ions has been ascribed to their ability to liberate acetylcholine.™ 
A lack of glucose or of potassium in the perfusing fluid causes a decrease in 
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sensitivity of the superior cervical ganglia of the cat to acetylcholine.® 55 The 
influence of potassium ions on the sensitivity to acetylcholine varies from or- 
gan to organ.” High concentrations of potassium ions accelerate the synthe- 
sis of acetylcholine by cats brain®” and by normal superior cervical ganglia but 
not by axotomised ganglia.** There is some evidence that acetylcholine acts 
at motor end plates by raisingthe permeability to ions other than sodium, such 
as potassium.” 

The highest concentration of potassium and also the highest respiration 
rate occur in the cerebellar cortex of the brain.® The oxygen uptake of: rat 
cerebralcortical tissue isincreased by the addition of potassium chloride, but 
this effect is abolished by participants in the metabolic tricarboxylic cycle.” 
Electrical excitation of brain produces a rise in the potassium content of the 
blood.®* The influx rate of potassium from blood to the brain of adult rats was 
found to be 2°89 meq./kg./hr., the outflux being 3°64meq./kg./hr. so that the 
influx /outflux ratio was 0+80, indicating that about 20meq./kg. of potassium in 
the brain was not exchangeable with that in the blood.” * 

Potassium salts synergise the action of cocaine and many anaesthetics of 
the cocaine type.*** Many narcotics produce changes in the distribution of 
potassium in the brain and central nervous system." 
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(€) Fermeability and Active Transport. 

The exchanges of potassium between the various organs of the body have 
been recently reviewed.* Exchange of potassium between organs and the 
blood plasma can now be easily followed by using a radioactive isotope of 
potassium. Exchange tends to cease after one or two days when only half 
the total potassium of the cells has been exchanged and thereafter there is no 
further change.” Cortisone, deoxycortisone and other hormones of the adrenal 
cortex have a marked influence on the penetration of potassium into cells, 
the effect being attributed to a specific action on the permeability of thecell 
membrane.*~° 

Anomalies observed in the rate of loss of potassium from human erythro- 
cytes have been interpreted as indicating that there are at least two types of 
cell.” Periodic variations have been observed in the potassium content of ery- 
throcytes, maxima or minima occurring at about midnight and at 3~4p.m.° It 
has been suggested that the potassium content of erythrocytes varies to main- 
tain osmotic equality.° Haemolysis studies indicate that potassium is not 
freely ionised within the red cell, but is possibly combined with the cell pro- 
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teins.*° QOnhaemolysis potassium ions are liberated before haemoglobin.*? Ex- 
posure of red cells to ultrasonic vibrations similarly increases the potassium 
but not the haemoglobin content of the serum.*? Melittin, a constituent of bee 
venom, also increases permeability of the red cell membrane to potassium and 
subsequently tohaemoglobin.** Metallic poisons suchas the chlorides of lead, 
mercury or gold** and also exposure to X-rays’® increase the rate of loss of 
potassium from red blood cells. The cornea of the rabbit, cow and cat eye is 
more permeable to potassium than to sodium.**** The rate of exchange of 
potassium ions between the amniotic fluid and the maternal system has been 
measured and found to be 0°0041 mole /hr.’® 

Active transport of potassium into cells is intimately bound up with the 
transport of sodium and hydrogen atoms.*°»** (see also Volume II, Supplement 
II, page 1432). Although the dialysis of haemoglobin against Ringer solution 
results in the accumulation of potassium and a corresponding depletion of sod- 
ium in the haemoglobin compartments,”* evidence has established ‘that the ion 
distribution in the red blood cells is maintained by means of active transport, 
aided perhaps by the Donnan equilibrium.”® Red cells take up potassium from 
hypertonic solutions of potassium chloride, but very little is taken up from ser- 
um with increased potassium content.** Storage of whole blood at lower temp- 
eratures results in a leakage of potassium from the cells to the serum owing 
probably to reduced enzyme activity.** The concentration distribution is res- 
tored by incubation at 37. for some hours in the presence of glucose.**’”’ 
The normal cation distribution exists when active transfer exceeds passive 
diffusion andthis state obtains in the pHrange 7°3-8°Q at 37°C. with adequate 
glucose utilisation, 150—220 mg./l. red cells/hr.*”*? Oxygen also appears to 
be necessary for the maintenance of the cation distribution.*° Accumulation 
of potassium by the cells is linked with the transport of sodium, the rate of ex- 
cretion of sodium being twice the rate of accumulation of potassium.** Evi- 
dence from the rates ofexchange suggests thata single mechanism brings about 
active sodium expulsion, the accumulation of potassium being a passive pro- 
cess.** No evidence has been found linking cholinesterase activity with pot- 
assium accumulation in the red cell.** The distribution of sodium and potas- 
sium in kidney cortex cells cannot be explained by the Donnan effect ** 
Rubidium and to a lesser degree caesium may be substituted for potassium in 
active uptake by frog skin.** 

Rabbit red cells treated with butyl alcohol lost potassium and gained sod- 
ium at the same rate.*® Only about 2% of the red cell potassium exchanges 
with the plasma potassium during the lifetime of the cell in rabbits.°” The 
rate of exchange is much higher in rats, about 5% of the intracellular content 
per hr. which is about 3°5 times the rate for human erythrocytes.** When red 
cells labelled with*?K are injected into the blood stream the mean loss of pot- 
assium perhr.is 2°1% during the first day.*® In dog red cells 94% of the intra- 
cellular potassium exchanged in 93hr. The rate of influx depends on the ex- 
ternal potassium concentrationin the case ofthe dog redcell(unlike the human 
red cell which is independent of the plasma concentration”) and can be 
expressed by the equation: 


Influx (meq./l.cells/hr.) = 0°028 [Klamp — 0°003 


where [Klamb is the external potassium concentration.** The apparent activ- 
ation energy under physiological conditions is 14,100g.-cal./mole for dog red 
cells‘? and 12,300 + 1300g.-cal./mole for human cells.** The energy of 
exchange of sodium by potassium in human connective tissue is~1250g.-cal./ 
mole at 37°C.** The radioactive rubidiumisotope “°Rb is a very good tracer 
for potassium for erythrocyte studies since the mean exchange rate of potassium 
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between red cells and plasma is the same measured with **K or **Rb as the 
tracer.“ Unfortunately, the kinetics of exchange of potassium in the blood 
circulation fit a passive exchange mechanism but do not exclude an active 
transport.** When glycolysis is inhibited by sodium iodoacetate there is a 
greater net outward flow of potassium ions than of sodium ions into the cell.** 
There is active transport of sodium into frog skin. Potassium is normally ex: 
cluded but if the skin potential falls below 30— 49mV. potassium is taken up.‘ 
The mean potassium flux through rat diaphragm has been measured as 21 x ae 
equiv./cm.”/sec.*® Potassium uptake by kidney cortex tissue is correlated 
with aerobic oxidation and with oxidative phosphorylation," “ The intracellular 
potassium of kidney cortex exchanges uniformly at 37°C. with rate constants 
of 0*206 and 0°145min.™* aerobically and anaerobically respectively. Equa- 
tions have been derived for the steady state uptake under thetwo states.°° The 
turnover rate is 15%/min.** Active transport of potassium also occurs in kid- 
ney mitochondria, dependent on aerobic metabolism and with a turnover rate 
too fast to measure.*”’** The turnover rate per minute of potassium in guinea 
pig brain slices is 3°5—4:0%, that of the retina 7-10%.°* By studying the com- 
petition between alkali metal ions for entrance into red blood cells it has been 
found that sodium and potassium are transported by different systems.™ 

Various theories have been advanced to account for the selective transport 
of cations across cell membranes,**’*® and a number of metabolic phosphorus 
intermediates have been proposed as carriers, but none seems entirely satis- 
factory. 57-69 Rat red cells utilise less than 0°5mM. of glucose permM. of pot- 
assium entering the cell, the human erythrocyte utilising nearly 1mM.°** Under 
aerobic conditions only about6% of the available metabolic energy is required 
to maintain the potassium distribution in human red cells, but anaerobically 
between 190 and 2500% would be required. 61962, Potassium accumulation by 
kidney and by red cells has been shown to be decreased by such metabolic in- 
hibitors as cyanide,®* cysteine,“ arsenate, fluoride,°** p-chloromercuribenzoic 
acid®’and strophanthidin.®* Decouplers of oxidative phosphorylationalso hin- 
der potassium accumulation®’-”*and thereis some evidence that adenosine tri- 
phosphate is intimately concerned in the process.” Many cells including ery- 
throcytes suffer increased losses of potassium when treated with cholinest- 
erase inhibitors and attempts have been made to connect potassium uptake with 
cholinesterase activity, but the evidenceis not conclusive and there seems no 
clear relation between these two activities.”*"”’ Nor cana definite connection 
be established between potassium uptake and carbonic anhydrase activity.” 
It has been claimed that l-glutamtate is an essential substance for the trans- 
port of potassium in brain and retina’ but this has been disputed.”© The 
theory has also been put forward that the mitochondria are the organs which 
actually accumulate and secrete ions in cells.” 


References 
1 Danowski, T.S. &Elkinton, J.R., Pharmacol. Revs., 1951,3,42—58. (45,5265) — 
2 Hevesy, G.& Hahn, L., Kgl. Dansk. Videns. Selskab, Biol. Meda., 1941,16,No.1, 
27 Dp. (35,7016) 
3 Stolkowski, J.&Reinberg, A., Arch. Sci. Physiol., 1953,7,151—9. (47,10652) 
4 Tripod, J. &Meier, R., Arch. Intern. Pharmacod., 1952,89,311—25. (46,9688) 


5 Streeten, D. H.P. & Solomon, A.K., J. Gen. Physiol., 1954,37,643—61. (48,8918) 
6 Reinberg, A. & Stolkowski, J., yey Endocrinol. (Paris) 1952,13,182—3; Biol. 


A bstr., 1953,27,2072. (49, 10473) © 
7 Ponder, E., J. Gen. Physiol., 1951,34,359—72. (45,3056) 
8 Koval’ skit, V. V. & Chulkova, Z.S., Doklady, 1951,79,895—8. (46,2651) 


9 Knowles, H.C., Alverson, G. & Rubenstein, E., J. Lab. Clin. Med., 1955,45,463. 
(49,7704) 


61°18 BIOLOGICAL PROPERTIES 2133 


10 Tarusov, B. N.& Burlakova, EK. V., Bull. Biol. Méd. Exptl. U.R.S.S., 1939,7,400—1. 
(34, 495) 
11 Kriger, Y. A.& Ginzburg, F.G., Byull. Eksptl. Biol. Med., 1944,18,N0.4/5,55—7. 
(40,1574) 
12 Lota, M.J.& Darling, R.C., Arch. Phys. Med. Rehabil., 1955,36,282—7. (49,13447) 
13 Habermann, E., Naunyn-Schmiede berg? s Arch. Exptl. Path. Pharmakol., 1955,225, 
158—60. (49,9059) 
14 Joyce, C.R.B., Moore, H. & Weatherall, M., Brit. J. Pharmacol., 1954,9,463—70. 
(49,4888) 
15 Morczek, A., Z. Ges. Inn. Med. u. Grenzgebiete, 1953,8,684—7. (49,4741) 
16 Yoshikawa, Y., Acta Soc. Ophthalmol. Japan, 1953,57,23—32; Amer. J. 
Ophthalmol., 1953,36,739. (47, 10669) 
17 Pau, H. &Stiittgen, G., Arch. Ophthalmol. Graefe’s, 1951,151,343—51. (45, 9678) 
18 Davson, H., Duke-Elder, W.S., Maurice, D.M., Ross, E.J.& Woodin, A.M., J. 


Physiol., 1949,108,203—17. (47,5505) 
19 Neslen, E.D., Hunter, C.B. & Plentl, A.A., Proc. Soc. Exp. Biol. Med., 1954,86, 

432. (48, 12969) 
20 Conway, E.J., Irish J. Med. Sci., 1946,6th Ser.,37—50. (40,6108) 
21 Conway, E.J., Jrish J. Med. Sci., 1947,6,593—609. (42,5063) 
22 Stratmann, C. ce & Wright, R.D., Australian J. Exptl. Biol. Med. Sci., 1948,26, 

493. (45,6264) 
23 Lukowsky, G. & Netter, H., Naturwiss., 1952,39,240. (47,2855) 


24 Telo, W. & Vezzani, M., Giorn. Clin. Med. (Parma), 1952,33,1181—95. (47,7630) 
25 Goodman, J.R., Vincent, J.& Rosen, I., Amer. J. Clin. Pathol., 1954,24,111—13. 


(48,3435) 

26 Bernstein, R.E., S. Afr. J. Med. Sci., 1954,19,110. (49,6334) 
27 Fishman, S. & Denstedt, O. F., Rev. Can. Biol., 1950,9,70. (46, 10336) 
28 Parpart, A.K.& Green, J.W., J. Cellular Comp. Physiol., 1953,42,179—90.(48, 847) 
29 Bernstein, R.E., S. Afr. J. Med. Sci., 1953,18,31. (47, 10655) 
30 Prskov, S.L., Acta Physiol. Scand., 1954,31,221.- (48, 12832) 
31 Maizels, M., Symposia Soc. Exptl. Biol., 1954,8,Active Transport and Secretion, 

202. (49,9775) 
32 Harris, J. E., Symposia Soc. Exptl. Biol., 1954,8,A ctive Transport and Secretion, 

228. (49,9052) 
33 Goodman, J.R., Marrone, L. H. g Squire, M.C., Amer. J. Physiol., 1955,180, 

118—20. (49,7693) 
34 Whittam, R.& Davies, R.E., Biochem. J., 1953,55,880. (48,2862) 
35 Huf, E.G. & Wills, J., Amer. J. Physiol., 1951,167,255—60. (46,1134) 
36 Parpart, A.K.&Green, J.W., J. Cellular Comp. Physiol., 1951,38,347—60.(46,8266) 
37 Hahn, L., Hevesy, G. & Rebdve, O., Nature, 1939,143,1021—2. (33,6951) 
38 Weller, J.M.& Taylor, I.M., Proc. Soc. Exp. Biol. Med., 1951,78,780—2. (46,3136) 
39 Hevesy, G.&Nylin, G., Acta Physiol. Scand., 1952,24,285—92. (46,5165) 


40 Sheppard, C.W., Martin, W.R.& Beryl, G., J. Gen. Physiol., 1951,34,411. (45,5272) 
4] Frazier, H.S., Sicular, A.&Solomann, A.K., J. Gen. Physiol., 1954,37,631—41. 


(48,8917) 
42 Solomon, A.K., J. Gen. Physiol., 1952,36,57—110. (49,5133) 
43 Joseph, Nartis ‘Engel, M. B.& Catchpole, H.R., Arch. Pathol., 1954,58,26. 
(48, 12960) 
44 Love, W.D.& Burch, G.E., J. Lab. Clin. Med., 1953,41,351—62. (47,6523) 
45 Walker, W. G. & Wilde, W.S., Amer. J. Physiol., 1952,170,401—13. (47, 657) 
46 Love, W.D., Cronvich, J.A.& Burch, G.E., J. Clin. Invest., 1955,34,61. (49,5625) 
47 Huf, E.G. & Wills, J., J. Gen. Physiol., 1953,36,473—87. (47, 10662) 
48 Creese, R., Proc. Roy. Soc., 1954,B142,497. (48,13875) 
49 Mudge, G.H., J.-Lancet, 1953,73,166—7. (48,5322) 
’ 50 Whittam, R.& Davies, R. E., Biochem. J., 1954,56,445. (48,5984) 
51 Davies, R. E.& Galston, A.W., Nature, 1951,168,700. (46,3138) 
52 Bartley, W.& Davies, R.E., Biochem. J., 1954,57,37- (48,8849) 


53 Krebs, H.A., Eggleston, L. V.&Terner, C., Biochem. J., 1951,48,530—7. (45,7170) 
54 Solomon, A. roe Congr. Intern. Biochim., Résumés Communs., 2 Congr., Paris, 


1952, 20. (48,9514) 
55 Conway, E.J., Brady, T.G.& Carton, E., Jntern. Congr. Biochem., A bstrs.of 

Communs. 1st Congr., Cambridge, Engl. 1949,311—13. (47, 627) 
56 Conway, E.J., Congr. Intern. Biochim., Résumés Communs., 2 Congr., Paris 

1952,140—1. (49,8357) 
57 Rapoport, S.& Guest, G.M., J. Biol. Chem, 1938,126,749—61. (33,1022) 


58 Snell, F.M., Biochim. et Biophys. Acta, 1953,10,188—9. (47,4395) 


2134 POTASSIUM 61°19 


59 Melchior, N.C., J. Biol. Chem., 1954,208,615. (48, 10087) 
60 Snell, F.M., Biochim. et Biophys. Acta, 1953,10,188—9. (47,4395) 
61 Bernstein, R. E., Nature, 1953,172,911. (48,3507) 
62 Whittam, R. & Davies, R. E., Nature, 1954,173,494. (48,7723) 
63 Mudge, G.H., Amer. J. Physiol., 1951,165,113—27. (45,6263). 
64 Bruns, F., Rummel, W. & Thielke, A., Arch. Intern. Pharmacod., 1952,89,258—68. 
i (47,3463 
65 Straub, F.B., Acta Physiol. Acad. Sci. Hung., 1953,4,235—40. ae atoe 
66 Dunker, E. & Passow, H., Arch. Ges. Physiol., 1950,252,542—50. (45,3085) 
67 Green, J. W. & Parpart, A.K., J. Cellular Comp. Physiol., 1953,42,191—202. 
(48, 848 
68 Schatzmann, H.J., Helv. Physiol. Pharmacol. Acta, 1953,11,346. aatacank 
69 Mudge, G.H., Amer. J. Physiol., 1951,167, 206—23. (46,1133) 
70 Macfarlane, M. G. &Spencer, A.G., Biochem. J., 1953,54,569—75. (47, 11428) 
71 Spector, W.G., Proc. Roy. Soc., 1953,B141,268—79. (47,6478) 
72 Levinsky, N.G. &Sawyer, W.H., J. Gen. Physiol., 1953,36,607—15. (47,8272) 
73 Lindvig, P. E., Greig, M. E.& Peterson, §.W., Arch. Biochem., 1951,30,241. 
45,5278 
74 Greig, M.E., Faulkner. J.S.&Mayberry, T.C., Arch. Biochem. Biophys., taee 
43,39—47. (47,9467) 
75 Holland, W.C., Dunn, C.E.& Greig, M.E., Amer. J. Physiol., 1952,168,546—56. 
46,5730 
76 Taylor, I.M., Weller, J.M. & Hastings, A.B., Amer. J. Physiol., iseeunhs ace 
(46,6245) 


77 Strickland, K. P. & Thompson, R.H.S., Biochem. J., 1955,60,468—75. (49, 14162) 
78 Davies, R. E. & Galston, A.W., Congr. Intern. Biochem., REsumés Communs., 2 
Congr., Paris, 1952,142. (49,8356) 
79 Terner, C., Eggleston, L. V. &Krebs, H.A., Biochem. J., 1950,47,139—49.(45, 736) 
80 Korey, S.R., Biochim. et Biophys. Acta, 1952,9,633—5. (47,2810) 
8] Davies, R. E., Symposia Sic. Exptl. Biol., 1954,8,Active Transport and Secretion, 
453. (49, 14047) 


6. ENZYMES 


The role of mineral elements including potassium in enzyme systems, 
particularly those of plants, has recently been reviewed. In general potassium 
is regarded as an integrating activator, i.e., one essential for enzyme activity 
but not strongly attached to the protein.* Studies of the dissociation of the 
methaemoglobineazide compound show not only the ionic strength of the solu- 
tion to be important but also the nature of the salt; thus the dissociation 
constant is 2°5 times as great in potassium iodide solution as in sodium 
chloride at the same ionic strength.“ Misleading results may be obtained if 
sufficient care is not taken over experimental details; thus, potassium ions 
appeared to stimulate or to have no action on a cell-free bacterial apyrase 
depending on the order in which the components of the system were added to 
the Warburg flask.* Potassium ions have been shown to be essential for the 
correct functioning of the enzyme pyruvic phosphoferase.*’® Magnesium aiso 
appears to be needed and potassium can be replaced by rubidium or ammonium 
ions but not by sodium, lithium or calcium.®’”’ The Michaelis constant for pot- 
assium is 0°0114M.and kinetic analysis indicates that potassium, phosphopy- 
ruvate and the enzyme combine to form an active ternary complex,’ though this 
has been denied.® This enzyme has been found to be widely distributed in 
mammals and in many marine species, the Michaelis constant varying somewhat 
from species to species.” Fructokinase also appears to be activated by mag- 
nesium and by low concentrations of potassium, high concentrations causing 
inhibition.*® A ternary complex may also be formed in this case. Fotassium — 
ions strongly activate sucrase,*? B-glucosidase,** catalase,"* tryptophanase,™” 
glutathione synthetase,** pantothenate synthetase,** the acetate-activating en- 
zyme’® and cytochrome oxidase.’®*”’ There is weak inactivation of deoxyribo- 
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nuclease’ but inhibition has been reported on urease’ and on succinic dehyd- 


rogenase,*° the anion apparently playing an important role in these last two 


cases. 
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CHAPTER 4 


RUBIDIUM 
SECTION LXII 
THE OCCURRENCE OF RUBIDIUM 
By P.C.L. THORNE AND K. W. ALLEN 


Of the 0-03% of rubidium present in the earth’s crust, 0+0075% is °’Rb 
which has yielded 0-00025% of radiogenic strontium. Much of the strontium ‘in 
pegmatites is of radioactive origin, and hence the age of the rocks can be 
calculated. Amazonites and pollucite contain from 0-1 to 155% of rubidium 
and less than 0-004% of strontium, while lepidolite averages 1:5% of rubidium 
and less than 0-01% of strontium.* An attempt has been made to deduce the 
age of limestones by the same method,’ and the age of pegmatites from South- 
eastern Manitoba has been deduced as 2400 x 10° years, assuming a half-life 
of 5-9 x 10"° years for rubidium.* The ages of two phlogopites from South 
India have been estimated similarly as 1490 x 10° and 1630 x 10° years.* In 
a study of South African rocks® it has been found that the ratio Rb,C/TI1,O is 
remarkably constant for an area, lepidolites being richest in both elements 
with 15% Rb,O. 

In the U.S.S.R. rubidium (and caesium) are reported in orthoclase and 
microcline® and in other minerals.”* Lepidolites are reported with up to 
0-85% Rb,O, and this element is constantly found in spodumene from the Altyn- 
Tau deposits.® The colour of green amazonite was formerly attributed to 
the rubidium content, but it now appears” to depend more on the presence of 
iron and manganese. In Southern Scotland rocks of the plutonic complex are 
reported to contain 50-380 p.p.m. Rb.*? A comparison of rocks from Scotland 
and from North America has been made by spectrographic methods which gave, 
inter alia, concentrations of rubidium (and caesium).** Rubidium contents of 
minerals in Arizona have been reported." 

Samples of water from oceans contain’® 1-1 - 2-2 x 10%% Rb, while the 
Caspian Sea has only 3-x 10°% and Lake Inder 5*7 X 10%%, but Japanese 
coastal waters contain’® 2-5 ~- 4-0 x 10°%. The rubidium content of plants 
(11-2 — 31+2p.p.m.)*7"** and of soils’? has been determined. The content of 
green coffee grains*® (9:0 - 141*Op.p.m., average 40-Gp.p.m. Rb) is high; 
while its presence in wines**** is remarkable, up to 4*16mg./l. occurring in 
red wines. Rubidium is also found abundantly in the fruiting bodies of certain 
fungi, such as Rhodopaxillus, Tricholoma and Cortinarius.** The highest 
value found was 2:8 g.Rb/kg. dry weight of T.album. 
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SECTION LXII 
THE PREPARATION AND USES OF RUBIDIUM 
By J.P. QUIN 


THE PREPARATION OF RUBIDIUM 


In the original Treatise it is stated that although attempts to obtain the 
metal by the electrolysis of fused rubidium chloride had been unsuccessful, 
rubidium had been prepared thermally by the reduction of rubidium compounds 
with calcium, aluminium or magnesium (Mellor,JI,447-450), During the last 
thirty-five years, however, this subject has been studied in considerably 
greater detail, but it is probably still true to say that the metal is rather a 
chemical curiosity. 

The demand for rubidium, which must have been negligible when Mellor 
wrote, is still extremely small. In 1946 the world output of the metal in the 
form of rubidium ore was estimated to be 10 pounds* and in 1949 the estimated 
production of rubidium metal in the United States was 100 g. with an estimated 
potential output of 1 ton.* No later estimates appear to be available. It is 
evident, however, that production of the metal is limited to very small amounts 
indeed. 


authors.*> 


Preparation of Rubidium by Chemical Reaction. 

Methods of isolating rubidium by chemical means involve either the thermal 
decomposition of rubidium compounds or the reduction of such compounds with 
metallic or non-metallic reducing agents at elevated temperatures. In general 
the methods yielding sodium metal by chemical reaction are equally applicable 
to rubidium (see pages 308,324). 


Thermal Decomposition of Rubidium Compounds. 

Very pure rubidium has been prepared by the thermal decomposition of 
rubidium azide®’ heated at 395°C. under reduced pressure for a period of three 
to four days. The azide breaks down to give nitrogen and metallic rubidium 
which distils off in 60% yield and is condensed to give metal which is said to 
be spectrographically pure and completely free from gaseous impurities.° 
When the bluish-green residue remaining after the distillation of the rubidium 
is treated with water, a considerable quantity of ammonia is evolved, indicating 
that rubidium nitride has been formed by secondary reaction during the decom- 
position.° The method has the disadvantages that it is slow and that rubidium 
azide can decompose with explosive violence under certain conditions,” so 
that this method tends to be limited to the production of comparatively small 
quantities of metal. The formation of rubidium by the thermal decomposition 
of rubidium cyanate, ferrocyanide or ferricyanide has been considered.”” 


Reduction of Rubidium Compounds with Metallic and Non-metallic Reducing 
Agents. 

The preparation of rubidium by heating a suspension of carbon in molten 
rubidium hydroxide while passing a stream of inert gas through the melt, and 
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then removing the rubidium vapour so produced from the gas, has been pate 
ented.?? The reduction of rubidium chloride has been carried out using calcium 
carbide as the reducing agent. A 75% yield of the metal is obtained when a 
mixture of rubidium chloride and calcium carbide is heated in vacuo at 
temperatures of 700-900°C. The condensed metal may be collected ina 
glass receiver.*® 

According to a patent, rubidium can be prepared by passing the vapour of 
rubidium chloride over solid calcium carbide in vacuo at 800—1100°C. and 
condensing the rubidium vapour so formed.'** 

Barium may be used to reduce rubidium compounds and this method is 
recommended for the preparation of small amounts of pure rubidium metal. 
Rubidium chloride is added to an aqueous solution of barium azide and the 
mixture, after evaporation to dryness, is heated in vacuo. The barium azide 
decomposes at a temperature between 100° and 200°C. to give metallic barium 
which in turn reduces the rubidium chloride to rubidium metal.** It is es- 
sential to carry out the evaporation to dryness at room temperature as at 
higher temperatures the barium azide may hydrolyze to barium hydroxide, and 
this tends to reduce the yield of rubidium metal. 

One of the most satisfactory methods for preparing rubidium in the labora- 
tory is the Hackspill method whereby rubidium compounds are reduced with 
metallic calcium.** The method has been adopted with minor modifications by 
a number of workers, and has been extensively used to prepare small amounts 
of pure rubidium for work on the determination of its physical properties. The 
original papers may be consulted for details of the apparatus used and the 
experimental procedure.” Briefly rubidium chloride and calcium metal are 
heated under reduced pressure when rubidium distils off as vapour and is 
suitably condensed. When the rubidium chloride and the calcium are used in 
stoicheiometric proportions a 50% yield of rubidium is obtained at 900- 
1000°C.** By using an excess of calcium and working under a pressure of 
0-02 mm. of mercury, yields of 90-95% may be obtained at temperatures of 
500-700°C.*® The rubidium is freed from excess calcium by distillation at 
300°C. under reduced pressure.*® It is claimed that the Hackspill method 
gives very pure rubidium: in one case chemical examination of a sample of 
~ metal so produced showed no impurities,’” and another preparation was found 
to be spectrographically pure rubidium of satisfactory melting point.** 

The reduction of rubidium compounds with iron has been studied.**”* 
Rubidium is displaced from its compounds by iron more readily than sodium or 
potassium are from their compounds, provided that the reduction is carried out 
in vacuo at such a temperature that the vapour pressure of the rubidium is of 
the order of 1 cm. of mercury or less. Reaction proceeds rapidly at the 
melting point of the rubidium compounds. 

When a mixture of rubidium hydroxide and iron is heated under a pressure 
of 0-001 mm. of mercury, a slight evolution of hydrogen at 500-550°C. indi- 
cates the start of the following reaction:- 


GRbOH +.4Fe — 2Fe,0, + 3H, + 6Rb. 


The reaction goes fairly quickly at 700°C., when the rubidium distils off as 
vapour and may be condensed. The yield of metal is less than 50%, however, 
and it has been suggested that this is caused by combination of rubidium 
hydroxide with the ferric oxide formed during the reduction to give a ferrite 
which is not reduced under the conditions of the experiment. 

When rubidium sulphate is heated with iron under similar conditions a 
slight evolution of oxygen and sulphur dioxide at 850°C. indicates the start of 
the reaction, which proceeds rapidly at 1000°C. At 1100°C. an 80% yield of 
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rubidium is obtained. It has also been proposed to prepare rubidium by 
reducing rubidium carbonate or rubidium nitrate with iron in vacuo at high 
temperatures.*? 

Iron also reduces rubidium chloride under similar conditions, but the 
method is not very satisfactory as ferrous chloride volatilizes with the rubi- 
dium and on cooling the reverse reaction tends to take place whereby iron and 
rubidium chloride are formed giving a contaminated product and a reduced 
yield.*? 

Zirconium powder has been used as a reducing agent to obtain small 
amounts of pure rubidium for the preparation of pure rubidium compounds.”*™ 
When a mixture of rubidium dichromate and zirconium powder in the proportions 
1:10 is heated in vacuo at 370°C., rubidium free from oxide is obtained in 
80-90% yield.”? Using rubidium chromate and zirconium in the proportions 
1:4 the reaction starts at 700°C. in vacuo, and rubidium distils over in almost 
a quantitative yield.” 

The preparation of rubidium by the reduction of rubidium compounds with 
reducing agents such as aluminium and silicon,*® hafnium or titanium,” 
thorium*’ and cadmium,” has been patented. Rubidium may also be prepared 
directly from rubidium ores such as the silicate or phosphate. Thus, a patent 
describes the recovery of the metal by direct distillation from a pelleted 
‘mixture of ore with excess of lime and a reducing agent such as aluminium, 
silicon or ferrosilicon, under a pressure not exceeding 1 mm. of mercury at 
temperatures above 900°C.” 


ELECTROLYTIC PREPARATION OF RUBIDIUM 


Little work has been done on the -preparation of rubidium by the electro- 
lysis of rubidium compounds in solution in non-aqueous solvents. According 
to a patent rubidium is prepared by the electrolysis of a non-aqueous liquid 
comprising anhydrous liquid ammonia, methylamine, ethylamine, pyridine or 
mixtures of these liquids, and containing a solution of a rubidium salt such as 
the perchlorate or thiocyanate. Iron, copper or carbon may be used for the 
cathode, and carbon is the preferred anode material. The concentration of the 
rubidium salt in the anhydrous liquid must be at least 2g.-mol./litre. The 
rubidium is deposited as liquid solution, paste, or metal depending on the 
concentration of the rubidium salt in the electrolyte. It is stated that the 
deposited metal can be readily separated from the electrolyte, substantially 
free from unelectrolysed salt.79* Rubidium is formed by the electrolysis 
of solutions of mixtures of rubidium bromide and aluminium bromide in nitro- 
benzene. To obtain satisfactory results, it is desirable to use a diaphragm 
and to operate at a low current density.*”** The Ewan process, whereby a 
solution of an alkali metal salt in -liquid ammonia is electrolyzed in the 
presence of an alkali amalgam anode, has been proposed for the preparation 
of rubidium.*? The extraction of rubidium from rubidium amalgam by leaching 
with inert solvents such as liquid ammonia, ethylenediamine or methylamine, 
followed by evaporation of the solvent to recover the metal, has been con- 
sidered, 2378979399 

There is also little information on the electrolysis of fused rubidium 
compounds. According to a patent, the efficiency of electrolysis of fused 
rubidium hydroxide is likely to be increased by carrying out the electrolysis in 
the presence of fused rubidium amide (see also page 337). Similar results 
may be expected when rubidium nitrate is electrolyzed in the presence of 
auxiliary salts such as rubidium amide or rubidium carbonate. 

The development of a miniature cell, designed for the preparation of small 
amounts of alkali metals by electrolysis of their fused salts, has been des- 
cribed.*® The electrolysis is carried out in a carbon container which also 
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serves as the anode, using a stainless steel cathode and an alundum diaphragm. 
The method is particularly recommended for the preparation of small amounts 
of metal from isotopic compounds, and it is suggested that it may be applicable 
to the production of rubidium, but no attempt has actually been made to prepare 
rubidium in this way. 


PURIFICATION OF RUBIDIUM 


Rubidium, like the other alkali metals, is readily purified by distillation in 
vacuo, and the necessary procedure has been described in detail by several 
-authors.*°*° The purification of alkali metals such as rubidium by treatment 
of the metal with molten rubidium chloride or other molten inert salts has been 
patented,” 


HANDLING ANB STORAGE 


The handling and storage of rubidium have been discussed.** The metal 
may be handled as described for sodium (see page 362), Consideration must 
be given, however, to the fact that rubidium will ignite spontaneously when 
exposed to air.*” 

A technique for the preparation of samples of rubidium suitable for the 
determination of physical properties has begn described*?” and the preparation 
of colloidal rubidium has been discussed,‘?”’ *?° 
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THE USES OF RUBIDIUM 


The uses of rubidium are very limited. The metal may be used to remove 
the last traces of air from vacuum tubes and to obtain high vacua in radio 
valves.” The chief application, however, appears to be in the manufacture 
of photoelectric cells, and it is claimed that rubidium is more suitable than 
czsium for this purpose because, when the former metal is used, a thinner 
layer can be deposited on the light-sensitive cathode.*"* Rubidium may be 
introduced into the cell in excess, and removed at a later stage, except for a 
monomolecular layer of rubidium oxide which is formed on the silver or base 
metal electrode.* Alternatively the rubidium may be produced in situ by the 
reduction of a rubidium compound with a suitable reducing agent® or by the 
electrolytic decomposition of a rubidium compound.* Rubidium contains °’Rb 
which is radioactive and this is discussed in detail in a later Section (see 
page 2492).. As yet no commercial use appears to have been made of this 
property of the metal.° 

The radioactive isotope “*Rb has however been used for the detection of 
slag in steel sheets or plates,** and to determine retention times in sediment- 
ation basins and filters.*? 

The use of sodium~rubidium alloys as coolants in thermal piles has been 
discussed."* 
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SECTION LXIV 
THE PHYSICAL PROPERTIES OF RUBIDIUM 
By W.H. WILSON 


Structure, atomic and ionic radii, etc. 


Rubidium crystallizes as a body-centred cube both at ordinary and at low 
temperatures.'° Its lattice constant at 291°K. was found by Hume-Rothery 
and Lonsdale® to be 5°699kX. (equivalent to 5°710A.), whilst in another 
study’ employing X-ray reflections extending to larger Bragg angles a lattice 
constant of 5°697 A. to 5°700 A. was obtained at 297°K. These results cor- 
respond to a room-temperature atomic radius of 2°47 A. At 90°K. the above 
two investigations gave lattice constants of 5°:624kX. (equivalent to 5°635 A.) 
and 5°616 to 5°619, A.” Values recorded for the lattice constant of aso 
at other temperatures | include 5°607 to > 613 A. at 77°K.,’ 5°62 A. at 90°K 
and 5°66 A. at 263°K 

Metallographic examination at O°C. of 99°9% rubidium specimens cooled 
previously to 1°2°K. has shown no trace of a spontaneous, low-temperature, 
martensitic Rane /yenecien similar to that observed with lithium and sodium 
(see Part I, pages 32 and 377).° 

Bidwell? observed a break in the thermoelectric power-temperature curve 
of rubidium in the region of —30°C. and assumed it to indicate a transiorma- 
tion from a crystalline form to an amorphous form.. Other measurements’°® 
have shown the presence of a break in the variation of resistance with tem- 
perature at about 180°K., but microscopical -examination of rubidium sur- 
faces in the neighbourhood of this ‘transition’ temperature and at tempera- 
tures down to 77°K. has shown no signs of a structural change.’ It seems 
probable that some change in electronic configuration occurs.’° | 

In an experiment in which rubidium was subjected to high pressure at low 
temperatures, Swenson’ heard a sharp crack and noted a 10% volume decrease 
at a pressure of several hundred atmospheres. On warming to room tempera- 
ture, the density of the resulting sample was 1°71g./c.c. as against 1°53 
g./c.c. for normal rubidium. The sample showed no evidence of melting at 
100°C. (normal m.p. ~ 39°C.), but following this heating there was a slight 
decrease in density. This behaviour was not reproduced in two other runs, 
but the isolated and unexplained result was reported as possibly indicating 
a new, high density, form of rubidium stable at room temperature. 

The diffraction of X-rays by liquid rubidium has been studied by Randall 
and Rooksby*? who found an intensity peak at (sin 0)/A = 0-122. 

Several authors have given theoreticai treatments of the cohesion in 
metallic rubidium and have calculated the usual solid state parameters.'*** 
Gombas’***® has applied his statistical model (see page 1503) to the problem, 
while Kuhn and Van Vleck?” have employed their method which permits the 
evaluation of the cohesive energy and lattice constant without the computa- 
tion of a central field for the atom. 

Pauling’’ made use of five experimental interionic distances, namely those 
in NaF, KCl, RbBr, CsI and Li,O, to construct a set of tonic radii in which 


Refs.p. 2160 2144 


641 PHYSICAL PROPERTIES i 2145 


the rubidium ion hadaradius of 1648 A. An earlier treatment by Goldschmidt’’? 
gave 1°49 A. for the radius of the Rb’ ion. Other works’”*° may be consulted 
for details of these and other earlier treatments. 


Density and thermal expansion 


Values of 1°522 at 15°C.** and 15218 at 18°C.”? have been reported for 
the density of solid rubidium. Other work*’ has given 1°53 at room tempera- 
ture. X-Ray measurements” lead to 1°525 to 1°535 for the density at room 
temperature. Low temperature measurements have given the density as 1°64 
at 77°K. and 1:63 at 402°K.!!_ The density at 100°K. as calculated from X- 
ray measurements is 1°59 and the value at 0°K. has been given as 1°61.'? 
The possible existence of a high density form of rubidium (dg399°y¢, = 1°71; 
d77°%, = 1°79) has been reported’ (see page 2144), 

Andrade and Dobbs** obtained 1¢472+0:00l1g./cm.* for the density of 
liquid rubidium at its melting point (39°C.), a value in close agreement with 
that of 1°475g./cm.* obtained much earlier by Hackspill.% But other mea- 
surements’”*® from the melting point up to 400°C. have been represented by 
the equation: 


d(g./cm.*) = 1°52 — 0°00054 (#(°C.) — 39) 


which corresponds to 1°52g./cm.* for the density at the melting point. Al- 
though measurements were made only to 400°C., the belief has been expres- 
sed” that this equation is satisfactory up to the boiling point (688°C.). 

The increase in volume on fusion has been reported as 2°57%) and as 
2°54%? or 000172 cm.*/g. Other measuremerts?”*® of the volume increase on 
fusion at pressures up to 3,500kg./cm.? are: 


Pressure, kg./cm.?. AV, cm.?/g. 


hi 0°0185 
500 0°0163 
1000 0°0145 
1500 0°0130 
2000 0°0119 
2500 0°0112 
3000 0:0106 
3500 0°0101 


Dilatometric measurements of the thermal expansion of rubidium between 
120 and 295°K. have shown the coefficient of expansion to be largely in- 
dependent of temperature.’ Some experiments, however, indicated a sudden 
change in the value at a temperature between 150 and 210°K., but other runs 
did not show this behaviour. The ratio of the expansion coefficients above 
and below this break (when observed) was 4°7, and the absolute coefficients 
have been estimated, with an uncertainty of 40%, as 3 x 10% above the transi- 
tion and 6 x 10° below it. X-Ray measurements® have led to 6°6 x 10° for 
the coefficient of expansion between 176° and 292°K.; other X-ray studies’ 
have shown this value to be acceptable over the range 77° to 300°K 


Mechanical properties 


The effect of pressures up to.100,000kg./cm.” on the volume of rubidium 
has been studied by Bridgman;?”** Table I is based onhis more recent work.*”** 

Figure 1 (see page 2295) compares the behaviour of the five alkali metals 
under pressure. A study" of the compression of the alkali metals at low 
temperatures has piven the figures in Table II for the relative volume of 
rubidium at 4°2°K. (1 atm. = 1°033kg./cm.’). 


Refs.p. 2160 


2146 RUBIDIUM 6451 
TABLE I.- EFFECT OF PRESSURE ON THE VOLUME OF RUBIDIUM AT 


ROOM TEMPERATURE 
Pressure, 
kg./em.? 


Relative 
Volume 


Pressure, | Relative 
kg./em.? Volume | 


TABLE II.- EFFECT OF PRESSURE ON THE VOLUME OF RUBIDIUM 
AT 4°2°K. 


{” Pressure, Relative Pressure, Relative 
wate: ‘Volume Atmospheres | Volume 


_ Bridgman”’ gave the initial compressibility of rubidium at 50°C. as 52 x 
10*?cm.?/dyne. More recent values’! for the initial compressibility at low 
temperatures are 3803 x 107%*cm.?/dyne at 77°K. and 3403 x 107??cm.?/dyne at 
4o2°K. Measurements of the velocity of ultrasonic waves in liquid rubidium 
(page 2160) have given 42°7 x 10%*cm.?/dyne for the adiabatic compressi- 
bility of the liquid at its melting point and 49¢1 x 10'cm.?/dyne for the iso- 
thermal compressibility at the same temperature.*” 


Surface properties and colloidal rubidium 


No .experimental determinations of the surface tension of rubidium appear 
to have been carried out, but with the aid of values for other physical prop- 
erties the surface tension of liquid rubidium at its melting point has been 
estimated as 75 dynes cm.*.*® From a consideration of the co-ordination 
numbers of atoms at the aneevas and in the bulk of the liquid, 100 dynes fel 
has been calculated for the surface tension.° 

Various wave mechanical calculations of the surface tension of ru- 
bidium have given widely differing values (50 to 140 dynes cm. -*); the treat- 
ment*® that achieved closest agreement with experiment in the case of lithium, 
Sodium and potassium gives 50 dynes cm." for the surface tension of ru- 
bidium at its melting point. 

Liquid rubidium wets and adheres to glass.’ This has been the cause 
of difficulties in the determination of certain physical properties at low tem- 
peratures.’ Deformation of the metal may occur on cooling because of the 
adhesion and So give rise to variable results. 

From surface tension values for fused salts and for salts in solution the 
atomic parachor of rubidium has been calculated as 130** and 141-62** res- 
pectively. 

Rubidium dispersions may be prepared by the method that has been widely 
applied in the case of sodium (PartI, p. 386), namely by agitating the molten 
metal with the dispersion medium and continuing agitation whilst cooling 
until the metal particles have solidified. Dispersions of rubidium in mineral 
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oil prepared by this technique are reported not to coagulate even when heated 
above the melting point of the metal.*® 

Colloidal solutions of rubidium have been prepared by evaporating the 
metal and the dispersion medium in avacuum, condensing the mixed vapours 
on a Surface cooled with liquid air, and then warming to room temperature.*”*® 
Rubidium sols in ether prepared in this way by Tomashevskiihad a dark blue 
colour and were stable for only twenty minutes.*® 


Viscosity 


By the use of an oscillating sphere method, the figures of Table III have 
been obtained for the viscosity of rubidium.”* 


TABLE III.- VISCOSITY OF RUBIDIUM 
° Viscosity 


39% 0 
40-0 
45e0 
50: 0 
997 

1405 

179-0 

220 1 


These data have been represented by the equations: 
n = 9927 x 104e%4T 
and nu/3= 16023 x 10%e37!/vT 


v being the specific volume. The latter equation, which makes allowance 
for the change of volume with temperature, gives the slightly closer fit. 


Melting point and heat of fusion 


The samples of rubidium used by most investigators have contained small 
amounts of other alkali metals as impurity. As a consequence the observed 
melting points tend to be rather lower than the true value. Amongst the 
higher values reported are 38°8°C.,?? 38°7°C.?”7* and 38°5°C.,”* and the best 
rounded representative value for the melting point is probably still that of 
39°C. quoted previously (Mellor, II, 457). Some recent measurements”? in- 
dicate, however, that the true value may be around 40°C. 

At pressures up to 135 atm. the melting point has been determined as:”” 


Pressure, ° 
ay MDpy ua G. 

- 38°8 

50 398 

100 4009 

15> 4106 


Measurements at higher pressures have giventhe values shown on the next 
page?” (1 atm.=1°U33kg./cm.?), 

Comparison with the other alkali metals is made in Fig. 2, page 2298. 

A value*® of approximately 540g.-cal./g. mole (equivalent to 6:3 g.-cal./ 
g.) has been obtained for the latent heat of fusion of rubidium. This agrees 
fairly well with earlier values®™*' of about 6°1 g.-cal./g. 
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Pressure’ m.p., °C. 


kg./cm.? 

1 3807 

500 4807 
1000 57°9 
1500 66°5 
2000 7405 
2500 82-0 
3000 89e1 
3500 95°9 


From experimental data for the variation of melting point with pressure 
and the volume change on fusion, the Clapeyron equation has yielded values 
of 6:2 to 6°5g.-cal./g. for the latent heat of fusion of rubidium at pressures 
of Ito 3500ks./cm.7.7>7" 


Vapour pressure, boiling point, and degree of association 


Measurements of the vapour pressure of liquid rubidium were made by 
Scott®? over the range 364° to 400°K. using a vibrating quartz fibre manometer; 
his results can be represented by the equation: 


logo p (mm.) = —4209/T + 7°331 


From measurements of the ion current from a tungsten filament in rubidium 
vapour at various temperatures Killian®* obtained values for the vapour pres- 
sure of rubidium between 310° and 380°C. that can be represented by the 
equation: 


log,, p (am:)'= —4132/T + 7°43 


Killian’s values were approximately double those obtained by Scott. Ditch- 
burn and Gilmour™ in reviewing vapour pressure data in 1941 gave the equa- 
tion: 


log, p (mm.) = —4302/T —1°5 log,,7 + 11°722 


to represent the vapour pressure of rubidium between 325° and 600K. with an 
accuracy of +20%, the equation being constructed to fit the results of Killian® 
and the older 2 ike of Hackspill.** Temperatures at which the vapour pres- 
sure assumes rounded values as calculated from this equation are given in 
Table IV.* 


TABLE IV.- VAPOUR PRESSURE OF RUBIDIUM 


Pressure, mm. Hg 


By extending the equation™ to higher pressures and temperatures a value 
of 990°K. is obtained for the boiling point of rubidium. From other vapour 
pressure equations a boiling point of 974°K. has been obtained.*® 

From spectroscopic data the values of Table V have been calculated 
for the dissociation constant of diatomic rubidium vapour into atoms’ (partial 
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pressures in atmospheres). 


TABLE V.- DISSOCIATION CONSTANT FOR DIATOMIC RUBIDIUM VAPOUR 


Log K = Loa(Pap¥/ Pro, 


273° 16 —5° 703 
298> 16 —40922 
400 —2°740 
600 —0°589 


800 +0°501 
1000 +1°161 
1200 +1°606 
1400 ~ +10925 
1500 +2°054 


The dissociation energy, De, of the Rb, molecule, as calculated from 
spectroscopic data, lies in the vicinity of 047 to 0°49 e.V. (equivalent to 
10°8 to 11°3kg.-cal. we mole).°%°%°° Gaydon lists 0°47+ 0°0S5e.V. as the best 
value, while Herzberg® gives 0°49e.V. The U.S. Bureau of Standards selec- 
ted value®* for the heat of formation of the gaseous Rb, molecule at 298:16°K 
is 29°6kg.-cal./g.-mole. Values for the heat and free energy of formation of 
diatomic rubidium vapour from the monatomic vapour are included in Table IX 


(page 2151), 


Heats of vaporization and sublimation 


Using largely the vapour pressure data of Scott,°? Kelley represented 
the heat of vaporisation of rubidium by the equation: 


AH (kg.-cal./g.-atom) = 20°850 — 2°88 x 10°T 
and the free energy of vaporisation by:- 
AF (kg.-cal./g.-atom)= 20°850 — 6°63 x 10° T log T — 49164 x 1077. 
At the boiling point (which Kelley took as 952°K.), AH becomes 18°108kg.- 
cal./g.-atom and AS is 19:0g.-cal./g.-atom, whilst 
AF joa1 = 19°991kg.-cal./g.-atom and AF®,,,., = 13°327kg.-cal./g.-atom. 
For the heat and free energy of sublimation Kelley®™ has given the fol- 
lowing equations: 
AH (kg.-cal./g.-atom)=20°580 + 1°70 x 10°T — 6°55 x 10° T? 
AF (kg.-cal./g.-atom) = 20°580 — 3°92 x 10°T log T + 6°55 x 10°T? - 
1:650 x 1077 


which lead to AAjo.., = 20°50Skg.-cal./g.-atom, AF°,5... = 13°352kg.-cal./ 
g.-atom, and AS,,,., = 240 g.-cal./g.-atom. 

The U.S. Bureau of Standards selected values® for the heats, free ener- 
gies and entropies of vaporisation and sublimation are based on the above 
equations of Kelley. More recent calculations®® have given the heat of sub- 
limation at 298°K. as 19°6kg.-cal./g.-atom to monatomic gas and as 27°55kg.- 
cal./g.-atom to diatomic gas. It was taken that the total pressure reached 
one atm. at 974°K., and at this temperature the heat of vaporisation to the 
equilibrium gas was "calculated to be 16°54kg.-cal./g.-atom. 


Specific heat, enthalpy and entropy 


Values for the specific heat of rubidium below 300°K. are shown in Table 
VI.*” At temperatures below about 225°K. an anomalous behaviour has_ been 
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TABLE VI.- SPECIFIC HEAT OF RUBIDIUM AT CONSTANT PRESSURE 


Cy» &--cal./g.-mole Cp» g.-cal./g.-mole 


observed, the specific heat-temperature curve showing some small irregulari- 
ties.*® The exact behaviour in the anomalous region depends on the thermal 
history of the specimen, and, in particular, is affected by heating the speci- 
men above its melting point. As with the other alkali metals there is a mar- 
ked increase in specific heat as the melting point is approached. For the 
liquid immediately above the melting point the specific heat has a.value of 
approximately 7°7 g.-cal./g.-mole. 

Kelley in a review of thermal data up to 1948 made use of the much 
older measurements of Deuss*° and of Rengade*™ to obtain the following equa- 
tions for the enthalpy or heat content (in g.-cal./g.-mole) of solid and liquid 
rubidium: 


Solid: Hp — Haosie = 7°27 T — 2,168 (2% accuracy between 298° and 312°2°K.) 
Liquid: Hp ~Hy9,46 = 7°80 T — 1,808 (3% accuracy between 312+2° and 400°K.) 


These correspond to 7°27kg.-cal./mole for the specific heat of the solid and 
to 7°80kg.-cal./mole for that of the liquid. Table VII shows thermodynamic 
functions for solid and liquid rubidium from a compilation by Stull and Sinke*® 
in 1956. An average heat capacity of 75 g.-cal./g.-atom was estimated for 
the liquid range. From low-temperature heat capacity measurements Snel 
VI)? the enthalpy and entropy of the solid at 298°K. were calculated®® a 
1790 g.-cal./g.-atom and 18-22 g.-cal./g.-atom/degree respectively. 


TABLE VII.- THERMODYNAMIC FUNCTIONS FOR SOLID AND LIQUID 


RUBIDIUM 
IT, °K.| Cp°g.-cal./| HT— Hoos S3. ERO Oy ea 
Peabomier g.-cal./g.-atom | g.-cal./g. Bre deg. |g.-cal./g.-atom/deg. 
18°22 18 22 


Using vapour pressure data and his value for the entropy of rubidium vapour 
(see below), Kelley computed 16°6g.-cal./g.-atom/degree for the entropy 
of solid rubidium at 298°16°K. This was taken as the U.S. Bureau of Stan- 
dards selected value™ in 1952. 

From vibration frequency data, Kelley®* represented the heat content 
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(in g.-cal./g.-mole) of diatomic rubidium vapour by the equation: 
Ay — Ayogag = 8°95T + 0°02 x 10°T? — 2,676 
(1% accuracy between 298° and 2000°K.). 
It follows that the specific heat of the diatomic vapour is: 
Cp = 8°95 — 0:02 x 10°7* 
Recent calculations®’ using spectroscopic data have given the selection of 
values for the thermodynamic properties of monatomic and diatomic rubidium 


vapour shown in Table VIII and Table IX respectively. Other calculations®’ 
of free energy functions are in close agreement with those of Table VIII. 


TABLE VIII.- THERMODYNAMIC PROPERTIES OF MONATOMIC RUBIDIUM 
VAPOUR 


g.-cal./g.- 


g.-cal./g.- 
mol./°K. 


atom/°K. 


26° 7896 
30° 2331 
34° 7852 
35° 2254 
35° 6604 
37: 1202 
38 2288 
39° 1345 
40°5637 
4166723 
4205781 
4303439 
43° 6866 
4400074 
4405926 
45° 1164 
455908 
46° 0246 
4602285 


g.-cal./g.- 
mol./°K. 


-mol./°K. 


atom/°K. 


31: 7576 
35° 2011 
39° 7532 
40¢ 1934 
40- 6284 
42° 0882 


| 43: 1968 


4401025 
45° 5317 
46° 6403 


| 475461 


483121 
48 6550 
48> 9761 
49 5629 
50: 0903 
50°5713 
5 1°0160 
5 le 2273 


| Cc? 
p 
g.-cal./g.-| g.-cal./g.- 


mol./K. 


AF * | 


° kg.-cal./ | 


11°612 
11¢633 
11°655 
11: 741 
112822 
11°90 
12203 
1216 
12:26 
1234 
12°38 


* The reference state in computing the heat and free energy of formation is taken 
as the monatomic gas. 
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Using the Sackur equation, with Rln2 added to account for the multi- 
plicity in the lowest energy state, Kelley®® obtained 40°64 + 0:01 g.-cal./g.- 
atom/degree for the entropy of monatomic rubidium vapour:at 298¢16°K. For 
diatomic rubidium vapour the same author® estimated S},,... = 63°1+ 15 g.- 
cal./g.-mole/degree. 


Thermal conductivity 


‘Thermal conductivities of rubidium between 2° and 70°K. have been mea- 
sured by MacDonald et al.°* (see Fig. 1). Between 24°K. and 70°K. the con- 
ductivity fell only from 0°65 watt cm.” degree” to 0°62 watt cm.” degree”. 
Below 8°K. its value in watt'cm.* degree” is given by 


1/, = 1650/p + 993 x 10°T? 


ny ry 
nn co) 


—_ 
oO 


(watt cm.' degree!) 


Thermal Conductivity 


0 ZF 1 SIPS 8 tO 120 STAG 18) 20L 222 24 
Temperature (°K.) 


FIG. 1. THERMAL CONDUCTIVITY OF BN BEL AT LOW 
TEMPERATURES 


By combining relative values® for the thermal conductivities of sodium, 
potassium and rubidium with other measurements”° of the conductivities of 
sodium and potassium, values of 0°07 and 0°075 g.-cal. cm.” sec. degree™ 
(equivalent to 0°29 and 0:31 watt cm.” degreé*) have been calculated for 
the thermal conductivity of liquid rubidium at its melting point and at 50°C. 
respectively.” Employing the relationship between electrical and thermal 
conductivity - the Lorenz number - the thermal conductivity of liquid rubidium 
at its melting point has been estimated as 0°085 to 0ce11g.-cal. cm.* degree” 
(equivalent to 0°36 to 0°46 watt cm:* degreé’),”? 


Electrical resistance 


A number of determinations”! ™°»’*’8 have been made of the ratio of the 


electrical resistance of rubidium at various temperatures, but little attention 
has been paid to its specific resistance.. One measurement®® of the specific 
resistance at 22°C. has given 146 x 10° ohm cm. Table X shows values 
of the R/R,o, ratio interpolated from measurements by MacDonald, “and al- 
so values o cated similarly from the earlier measurements of Bidwell.° 


TABLE X.- RELATIVE ELECTRICAL RESISTANCE OF RUBIDIUM 


team [oa pea oe pose ee prope pe Pe 


R/RoSc, (Ref. 10) | 0-12 | 0-28 | 0-42 | O56} 079 | 10] - 
R/R joc. (Ref. 9) 038 | 056 | O76 | 1-0 
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MacDonald*® found a marked break in the plot of R/Ro°q, against temperature 
at about 180°K., but this does not correspond to a structural change (see page 
2144), Rubidium samples allowed to stand at rather higher temperatures 
(~ 200°K.) undergo a gradual decrease in resistance with time.’° 

The temperature region below about 20°K. has been extensively investi- 
gated:'%°*7578 only below temperatures of a few degrees K. does the resis- 
tance of rubidium, after correcting for the residual resistance, show a fifth 
power dependence on temperature.°”’’ Below 5°K. the resistivity, less the 
residual resistivity, has been represented by® 


e(ohm cm.) = 6°8 x 10*?7* 


As with the other alkali metals, there is a large increase in the resistance 
of rubidium as the melting point is approached.” 

- By directing a beam of rubidium atoms on to a cooled glass surface, a 
thin rubidium film can be formed which exhibits an electrical conductivity 
before the number of atoms deposited is sufficient for a monatomic layer.’”*° 
With increasing thickness the resistance and resistivity of the film decrease, 
but on stopping deposition the film gradually breaks up and the resistance 
increases. The behaviour is very sensitive to the surface condition of the 
substrate, and if small amounts of impurity are present a much thicker film 
is required before conductivity is exhibited; also the rate of decay of con- 
ductivity increases. Fig. 3 on page 1518 compares the formation and decay 
of conductivity for films of rubidium, potassium and caesium deposited at 
90°K. with approximately the same beam intensity in each case.*’ For ru- 
bidium, conductivity began at a film thickness of around 2°8 A. and at a thick- 
ness of 20A. the resistivity was about 4,700 times that of the bulk metal. 
Decay of conductivity after cessation of deposition decreased with increasing 
film thickness and with decreasing temperature. At 64°K. a film 43°64. 
thick was completely stable and its resistivity was about 10 times that of the 
bulk metal; a film 904A. thick had a resistivity only 5 to 6 times that of the 
bulk metal. Whilst such films are still invisible, a l1*5cm. square patch is 
reported to carry a current of half an ampere, the only limitation being in the 
heating of the end contacts.’ The resistivity of these thin films has been 
the subject of theoretical treatment.*? In films almost 10*A. thick the re- 
sistivity is still higher (~50%) than in the bulk metal, but the temperature 
coefficient is the same.** Whilst for film thicknesses below 100A. the 
greatly increased resistivity is attributed to limitation of the mean free 
path of the conduction electrons by the boundaries of the film, for the thicker 
films the increased resistivity is attributed to lattice strain.” 

The conductivity of thin alkali metal films, probably monatomic, deposi- 
ted spontaneously on the glass walls of vessels containing the metal in vacuo 
has heen found to increase in the order K, Rb, Cs. 

At 14°K., Justi’® found no significant increase in the electrical resistance 
of rubidium on application of a transverse magnetic field of 40 kilogauss. 
Other measurements of the magneto-resistive effect in rubidium at low tem- 
peratures have been made by MacDonald.*° 

Measurements of the effect of pressure on the electrical resistance of 
rubidium have been made by Bridgman***® up to higher and higher pressures 
as new experimental techniques have been developed. Table XI°° shows the 
results of measurements at 30°C. made in 1930 up to 20,000kg./cm.”. A 
minimum resistance occurred at 17,000kg./cm.”._ Measurements®’ made in 
1938 up to 30,000kg./cm.? gave the minimum resistance at 15,000kg./cm.’, 
but the earlier values were preferred since these were obtained on a bare 
wire whereas the later measurements were made in glass. More recently*® 
when the range of the measurements was extended to 100,000kg./cm.” (Table 
XII) the minimum resistance was found near 20,000kg./cm.?. 
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TABLE XI.- EFFECT OF PRESSURES UP TO 20,000 kg./cm.? ON THE 
ELECTRICAL RESISTANCE OF RUBIDIUM 


Pressure R/R 
kg./cm.? x 10° 


zero pressure 


TABLE XIl.- EFFECT OF PRESSURES UP TO 100,000 kg./cm.? ON THE 
ELECTRICAL RESISTANCE OF RUBIDIUM 


Thermoelectric properties 


Bidwell? measured the thermoelectric power of rubidium relative to plati- 
num between —180° and +150°C. (Fig. 2). There is a break in the curve at 


Microvolts / Degree 


= 
-200 = 120 - 40 + 40 +120 
Temperature ,(°C.) 


FIG. 2, THERMOELECTRIC POWER OF RUBIDIUM 
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about —30°C. and a marked increase in thermoelectric power as the melting 
point is approached. The thermoelectric power of the liquid decreases with 
increasing temperature. Other measurements of thermoelectric power against 
platinum showed no discontinuity in the region of 180°K. where a sharp 
‘transition’ in electrical resistance was observed, although there was a grad- 
ual change in slope and hence a change in the Thomson coefficient.’ Ther- 
moelectric force measurements against lead over the range from 4°2°K. to 
~300°K. have shown no anomaly in the region of the resistive ‘transition’.’ 
Using the absolute thermoelectric force of lead as measured by Borelius et 
al.,°° the following values (interpolated from graphically presented results) 
have been obtained for the absolute thermoelectric force of rubidium.*° There 
is a change in sign of the thermoelectric power around 16°K.:*° 


Temperature,’ °K" 5". 10° 20 “°30 40: 50° 60 
Microvolts 0 4 7 2>. =f —22 =—42 


Magnetic properties 


Rubidium is paramagnetic, its susceptibility varying only slightly with 
temperature. Room temperature determinations of the mass susceptibility 
have given 0°21 x 10%,°4°? 00225 x 10°,5 and 0°228+0:002 x 10°.°* Suck- 
smith,’* who reported a much lower roo: temperature susceptibility of 0°07 
x 10°, found that the susceptibility increased by about 0°02 x 10° as the 
melting point was approached, decreased again when the metal became mol- 
ten, and then increased slightly with increasing temperature to 0°11 x 10° at 
500°C. Béhm and Klemm* have given the following figures for the atomic 
susceptibility (mass susceptibility x atomic weight) between —183° and 
+100°C.:- 


Temperature, °C. -183 —-78 +20 +100 
x at x 10° DieSee Pie 5ers Oat. Be? 


A value” of -7°0 x 10° for the atomic susceptibility is out of line with the re- 
sults of all subsequent workers. 

Theoretical treatments of the magnetic susceptibility of rubidium have 
appeared.?%?’ 

There have been numerous attempts to evaluate the contribution of the 
rubidium ion to the diamagnetism of its salts starting both from purely theo- 
retical considerations and from experimental data on the susceptibility of 
salts. Values for the susceptibility of the rubidium ion in solution, obtained 
from measurements on its salts, include —31°3,°* —250,°° —2400,1° —230(1°%!% 
(all to be multiplied by 10°), while values for the Rb* ion in crystals include 
—2909,°° —2702,*°? and —22°0'%' (all to be multiplied by 10°). Theoreti- 
cal treatments have given the following values for free rubidium ions: —35,'°° 
~32,3°7 3001 2,108 2860, —2768,11° —275,4? —2508,4#? and ~24°05'#3 (all to be 
multiplied by 10°). In a review of the field, Klemm''*”** gave —20:1 x 10° as 
the most probable value for the susceptibility of the rubidium ion in solution. 
For the ion in crystals he gave —20:0 x 10° when the co-ordination number is 
6 and —19°8 x 10° when it is 8; for the free ion he gave —21°5 x 10°. Another 
survey’*® recommends —22-5 x 10° but does not distinguish between the ion 
in solution and in crystals.’*’ There are several useful reviews of methods 
for obtaining ionic susceptibilities and/or of the values resulting from 
them. 114216118120 

Studies of the magnetic moments of *Rb and °’Rb nuclei and of nuclear 
magnetic resonance have been made by a number of authors.**7**3! The 
best value for the magnetic moment of the “Rb nucleus has been given as 
123522 + 0°0004 nuclear magnetons and that of the *’Rb nucleus as 2°7501+ 
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2 Quadruple moments have also been discus- 


0°005 nuclear magnetons.'? 
sed. 

As with other metals, the nuclear magnetic resonance frequency of ru- 
bidium in its compounds is lower than in the metal itself (Knight shift).*%'?? 
At room temperature the resonance shift AH/H has been measured as 0°650x 
107+ 0:005 x 10? for **Rb and 0°653 x 10% + 0:002 x 10? for *’Rb with respect 
to an aqueous solution of rubidium hydroxide.*® The resonance shift in- 
creases at the melting point and there is a peak in the resonance shift- 


temperature curve in the region of 254°K., but the total variation over a 150° 


range including the melting point amounts to no more than 3 to 4%.**° Mea- 
Surements of the magnetic resonance line width and its dependence on tem- 
perature have also been made.**"*° Chemical shifts of the °’Rb magnetic 
resonance have been found in the solid polycrystalline rubidium halides.*** 
The spins of **Rb and *’Rb nuclei are */, and */, respectively.*?7*?%'%° 


Electrode potentials 


Chemical reaction of rubidium with water necessitates an indirect method 
for the determination of its standard electrode potential in aqueous solution 
(see Part I, page 404), From the e.m.f. measurements of Lewis and Argo**’ 
in 1915 on the cells: 


Rb (solid) | RbI in ethylamine/ammonia | Rb (0°23% amalgam) 
and Rb (0°23% amalgam | RbOH aq.; RbCl aq. | Calomel electrode 


a value of —2°9242 Vv. at 25°C. is obtained**® for the standard electrode poten- 
tial of rubidium on the hydrogen scale. Here, and in all the values quoted 
below, the European convention is followed in denoting the sign of the elec- 
trode potential. In 1947, Bockris and Herringshaw’*? gave —2:98V. as the 
best representative value for the standard potential after considering the 
above experimental value along with values calculated’*™'*? from thermo- 
dynamic data. Using more recent thermodynamic data, Latimer’? has cal- 
culated a value of —2°925 V. which agrees closely with Lewis and Argo’s 
determination: ~2:92 V. would now appear to be a better representative value 
for the standard potential in aqueous solution. Comparison with the other 
alkali metals is made on page 405 in Part I. 

From measurements of the decomposition voltages of fused rubidium 
halides, a value of —2°744V. has been arrived at for the rubidium potential 
at 18°C.143 : 

Using spectroscopic and thermodynamic data, Gapon’™* has given +0099 V. 
for the absolute electrode potential of rubidium. 

Studies of the electrode potential of rubidium have been made in a number 
of non-aqueous solvents including liquid ammonia,'**"** hydrazine,**’ formic 
acid,‘*® formamide’*? and acetonitrile.*° In comparing the potentials of 
elements in various solvents Pleskov’*”** took the potential of the rubidium 
electrode in each solvent as an arbitrary zero since the free energy of solva- 
tion of the rubidium ion could be considered to be approximately the same 
in all solvents. Pleskov’s values for the potentials of the other alkali 


metals relative to rubidium in each of the solvents ammonia, hydrazine, 


formic acid and water are given in Table XII on page 47 in Part I. A dif- 
ferent basis of comparison allowing for differences in the free energy of sol- 
vation of rubidium in the various solvents has been given by Strehlow.’™ 

Electromotive forces for the cell Rb/RbCI/Cl,, where the rubidium chlo- 
ride is in the solid or liquid state, have been calculated for temperatures 
between 25° and 1500°C. using thermodynamic data.**? Similar calculations 
for other metals permit the construction of an electrochemical series for solid 
and fused chlorides.'*? The order of the metals varies slightly with tem- 
perature. 
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The rubidium ion was amongst the metal ions studied by Heyrovsky'®*"** 
in his first polarographic investigations; he found its deposition potential 
at a dropping mercury cathode in aqueous solution to be —1°796 V. relative to 
a normal calomel electrode. Discharge of rubidium ions can occur at a mer- 
cury cathode in neutral and alkaline solutions without the simultaneous dis- 
charge of hydrogen ions because of (a) compound formation between rubidium 
and mercury and (b) the high hydrogen overvoltage at mercury. The very 
negative potential does, however, limit the choice of supporting electrolyte; 
tetra-alkylammonium halides or hydroxides are virtually the only usable 
salts.45° With tetramethylammonium chloride or hydroxide as supporting 
electrolyte, Heyrovsky**™*’ has given the half-wave potential of rubidium 
ions in aqueous solution as —2:°07 V. relative to a normal calomel electrode. 
More recent studies’****? have given the half-wave potential in 0>1 M-tetra- 
methylammonium hydroxide at 25°C. as 2°156V. against a normal calomel 
electrode. Alcohol-water mixtures are frequently used in obtaining polaro- 
grams of the alkali metals since they give better developed waves than do 
purely aqueous media. In 50% ethyl alcohol, with 01 M-tetraethylammonium 
hydroxide as supporting electrolyte, the half-wave potential of rubidium is 
—1°99 Vv. relative to a saturated calomel electrode.'*® Rubidium has a half- 
wave potential so close to those of sodium (—2°07 V.), potassium (—2°10 V.) 
and caesium (—2°05 V.) (all in 50% ethyl alcohol + Oe1 M-tetraethylammonium 
eet that these four elements cannot be differentiated polarographi- 
cally 

In liquid ammonia, saturated with tetrabutylammonium iodide as sup- 
porting electrolyte, the half-wave potential of rubidium ions at —36°C. is 
—1e21 V. relative to a 001 N-Pb/Pb(NO,), reference electrode.’© 


Ionization potentials and electronegativity 


Ionization potentials for rubidium have been arrived at by calculation 
from spectral series limits or by extrapolation along the isoelectronic se- 
quences. Values, in electron volts, from two compilations of ionization 
potentials are shown in Table XIII; those in brackets have been obtained 
by the extrapolation method. 


TABLE XII.- IONIZATION POTENTIALS OF RUBIDIUM (ELECTRON VOLTS) 


: 


= a ae ae aa a 102 | 134 | 153 | 308 
4176 | 275 | (40) 277 


Rubidium ‘may be ionized in various ways, e.g. by electron impact’™ or 
by the action of ultra-violet light (see page 2159). Ionization of rubidium 
also takes place on hot metal surfaces, for example those of tungsten and 
platinum, which have a work function less than the ionization potential of 
rubidium.°**7° (See page 2148). 

On Pauling’s electronegativity scale rubidium has a value of 0°8 compared 
with values for the other alkali metals of Li, 1°0; Na, 0¢9; K, 0°8; Cs, 
0-7," 


Optical properties 


From a study of the reflection of monochromatic plane polarised light 
from rubidium surfaces the values of Table XIV have been calculated for the 
refractive index (n), the extinction coefficient for normal incidence (Kg), the 
reflecting power for normal incidence (R), the principal angle of incidence 
(fd) and the principal azimuth CUD Ne 

Optical transmission curves for rubidium films of several thicknesses 
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calculated from the data of Table XIV are shown in Fig. 3.°° 
TABLE XIV.- OPTICAL CONSTANTS OF RUBIDIUM 


Ka] = [Ke [RO] 6 | 71 


Transmission in Per Cent 


ead 
Li ee 


i 


1200 2000 2800 3600 4400 5200 6000 
Wavelength in Angstroms 


FIG. 3. OPTICAL TRANSMISSION CURVES FOR RUBIDIUM FILMS OF 
SEVERAL THICKNESSES 


In the near ultra-violet region of the spectrum, thin films of rubidium that are 
quite opaque to visible light exhibit a high transparency.’°®* Transmis- 
sion starts to become appreciable at wave-lengths in the vicinity of 3,600 A.**° 
Several theoretical treatments’***” have been concerned with the explanation 
of this transparency which is shown by all the alkali metals and extends to 
longer wave-lengths with increasing atomic number. 

Anomalous dispersion has been studied in rubidium vapour in the vicinity 


of the first two doublets of the principal series.‘7’* Gabler’”’ has studied — z 


magnetic double refraction (Voigt effect) in rubidium vapour. 


Photoelectric properties 


As is the case with the other alkali metals, the photoelectric properties 
of rubidium are dependent on the state of the surface and the film thickness, 
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and are extremely sensitive to the presence of even slight traces of gas. 
_ For thick films of gas-free rubidium at —180°C. the photoelectric threshold 
has been given.as 5900 A. which corresponds to a photoelectric work function 
of 2ele.v.'*° Partially outgassed samples have substantially lower values 
for the work function.*** Values obtained for the work function in theoretical 
treatments have included 220'*? and 2:0G6e.v.'** A selective photoelectric 
maximum has been observed with rubidium at 4800 A.***7°° Thoroughly out- 
gassed surfaces in high vacuum show only a small selective effect and the 
yield at 4800 A. has been given as 3°4 x 10% coulombs per calorie.* The 
photoelectric sensitivity of thick rubidium films has been reported to vary 
reversibly and continuously with temperature between room temperature and 
—180°C.**© At —180°C. the sensitivity to yellow light was about 25% lower 
than at room temperature while for blue light it was only 5% lower. 

When rubidium is deposited on to gas-free silver by means of an atomic 
beam, the initial effect is that the threshold of the substrate is shifted to 
longer wave-lengths.**° Brady*®° reported that at a thickness of 1°5 atomic 
layers the threshold reached an extreme position of 6200 A. and that at greater 
thicknesses it returned to the value (5900A4.) for the bulk metal. The photo- 
electric emission continued to increase up to a thickness of 50 atomic layers 
before dropping to that for bulk rubidium. There was no further change in 
the photcelectric properties for thicknesses greater than 12 atomic layers. 
The thickness values quoted are, however, probably too high because of the 
neglected roughness of the substrate.**? Ives and Olpin’®® obtained, for 
rubidium films on a silver substrate, an extreme threshold of 7950 A. which 
coincided with the rubidium resonance line (7947 A.). The same relationship 
was found for the other alkali metals, but it has been considered’®® that their 
substrate probably contained oxygen which is known to cause large threshold 
shifts. Later work suggests that for surfaces completely free from contamina- 
tion there would be no variation of photoelectric sensitivity with film thick- 
ness.'*° There are close similarities between the spectra! response and the 
light absorption ‘of thin rubidium films on a platinum-iridium mirror, both 
showing maxima at 3800 to 4000 A.*”* 

The directional distribution of photoelectrons from rubidium surfaces 
irradiated by light incident at various angles and polarised in different planes 
has been studied.’*? 

If a thin film of rubidium is separated from a metal substrate by a thin 
layer of a dielectric there is an increased photoelectric sensitivity. A silver 
substrate covered with approximately a monolayer of Rb,O on which a thin 
film of rubidium is deposited has a threshold around 10,000A. and shows 
selective maxima at ~ 4100 A. and ~6600 A.*°°*** In the ultra-violet at wave- 
lengths below 3000 A. the spectral response of the photoelectric emission ex- 
hibits several narrow peaks which are related to the absorption spectrum of 
the oxide.’*° 

Still higher sensitivities can be achieved by the use of more complicated 
photo-cathodes. For example, a composite surface Rb-Ag-Rb,O-Ag has two 
selective maxima, one between 3300 A. and 3700 4., and one at about 5500 A., 
and for light from a gas-filled tungsten lamp (colour temperature, 2700°K.) 
it yields 10 to 15amps. per lumen.'?”*”* 

Monatomic films of rubidium deposited spontaneously on cold glass sur- 
faces in an evacuated vessel containing rubidium have been reported to show 
a smaller ratio of selective to normal photo-electric effects than films de- 
posited on conducting surfaces.’°”?°° These films on glass exhibit ohmic 
resistance in the dark, and the resistance decreases on exposure to light.”°° 


Photoionization. 
Photoionization of rubidium vapour has been studied by space charge 
methods at wave-lengths of 2350-3050 A.?% and 2150-3700 A.*” The photo- 
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sensitivity iS a maximum at the wave-length of the limit of the principal 
spectral series (2968 A.) where the atomic absorption cross section is lel + 
Oc2 x 107°cm.”.274 By 2350A. it has dropped to about 5% of its value at the 
series limit." Lawrence and Edlefsen*” found the variation of the ioniza- 
tion per unit of light intensity, 8,, with frequency, v, on the higher frequency 
side of the maximum to be represented approximately by the equation 


Be = constant/1 (v-—vV,) 


where Vv, is the series limit frequency. Theoretical treatments are capable 
of reproducing the main features of the experimental results.7°»?°* Photo- 
ionization can also occur at wave-lengths greater than that of the spectral 
series limit (which is the wave-length corresponding to the ionization po- 
tential):4. + 


Radioactivity 


Rubidium exhibits a natural radioactivity as discovered by Thomson?” 
in 1905. The seat of the radioactivity is the °’Rb isotope?°°?°* which is 
present in natural rubidium to the extent of approximately 28% (see page 
2170) and undergoes a simple beta-decay.7°”?*° 


RE — + "St + Bo 


That the radioactivity is due to *’Rb and not, as had been suggested ear- 
lier,74»*4? to a rare isotope *°Rb was shown conclusively by Hahn et. al.,?°° 
who found the strontium from an old mineral rich in rubidium to consist of 
over 99% ®’Sr with only a few tenths of a percent of the normal °*Sr, and by 
Hemmendinger and Smythe,*°° who carried out a small-scale separation of the 
rubidium isotopes with the aid of the mass spectrograph. The *’Rb separated 
in the latter work was shown to be radioactive and there was no other isotope 
with an appreciable activity compared with it. A number of determinations of 
the half-life of this isotope have given values in the vicinity of 6 x 10'° 
years, 7°%4%213-218 = =The ®7Sr/*’Rb ratio can be used as a measure of the geo- 
logical age of minerals.?*%??° Rubidium has a higher B-ray activity***?** 
than potassium but the radiation has a lower penetrating power.?7*??’ 


Miscellaneous physical properties 


Ultrasonic waves of frequency 12 Mc./sec. have a velocity of 1260+ 10 
m./sec. in liquid rubidium at its melting point.*” Between the melting point 
and 160°C. the temperature coefficient is —0°4m./sec./degree. 

The coefficient of diffusion of rubidium in mercury at 8 to 15°C., as cal- 
culated from atomic radius and viscosity data with the aid of the Stokes- 
Einstein equation, is 0°44cm.? per 24 nr.?7® There is reasonable agreement 
with the older experimental value of 0°46cm.? per 24hr. at 7¢3°C. (Mellor, II. 
456) 

Justi’® obtained —0:0018 for the Hall constant of rubidium at room tem- 
perature and ~—0:0091 at 90°K. Values determined by other workers have 
been considerably higher. Krautz?”? obtained —0:00592 + 0°00014 for the room 
temperature value. whilst Fakidov**® obtained —0:005 for solid rubidium and 
—0°0042 + 0e0005 for the liquid. Theoretically calculated values for the Hall 
constant are —0°00579?”? and —0:0058.?** 

A value of 10056 has been obtained for the dielectric constant of ru- 
bidium vapour at 500°C. and a pressure of 0°6mm.Hg.?*? 
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PROPERTIES OF THE RUBIDIUM ION 


Some properties of the rubidium ion, and some that relate to both the metal 
and its ion, have been dealt with under the appropriate sections above. Other 
properties of the Rbt ion will be considered here. 


The Ion in Solution. 

The heat and free energy of formation of the aqueous rubidium ion at 
25°C. are —58°9 and -67°45kg.-cal.g.-ion” * respectively. From thermal data 
for the two reactions RbCIO, (solid) — Rbt (ag.) + ClO, (aq.) and RbCIO, 
(solid) —> Rbt (aq.) + ClO,” (aq.) a mean value of 2807 + Qe7 g.-cal.-g.-10n™ 
degree’ has been derived ay the entropy of the rubidium ion (relative to that 
of the hydrogen ion) in aqueous solution at 25°C.: values from the individual 
reactions were 28°9+0:8 and 28¢5+1:°0 respectively.2, The U.S. Bureau of 
Standards selected value’ for the entropy of the aqueous rubidium ion at 25°C. 
is 29:7 g.-cal.g.-ion degree". 

After calculating the effective diameter of the hydrated rubidium ion by 
a viriety of methods, Kielland* took a rounded value of 2°5 x 10cm. for this 
dimension and then used the Debye-Hiickel theory to compute activity co- 
efficients of the rubidium ion in aqueous solution at 25°C. The resulting 
values are shown in Table XV. 


TABLE XV.- ACTIVITY COEFFICIENTS OF THE Rbt+ ION IN AQUEOUS 
SOLUTION AT 25°C. 


Total Ionic Activity 
Concentration | Coefficient 


Methods considered by Bockris (see Part I, page 56) to give a measure of 
primary solvation have led to values of two(from ionic entropy)and zero (from 
partial molar volume) for the hydration number of the rubidium ion.* Higher 
values result from transference, dialysis and other methods.** 

Values calculated for the heat of hydration of the Rb* ion have included 
69,’ 69¢2,° 74° and 87'° kg.-cal./g.-ion, while the free energy. of hydration has 
been calculated as 66°5,’ 67¢5,° and 7609"! kg.-cal./g.-ion. The entropy of 
hydration has been given as 6° and 88” g.-cal./degree/mole. 

A recent compilation,’? using conductivity and transport number data from 
several sources, gives the values in Table XVI for the equivalent conductivity 
or mobility of the rubidium ion at infinite dilution in water. 


Refs. p. 2168 
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_ TABLE XVI.- MOBILITY OF THE Rb* ION AT INFINITE DILUTION IN WATER 


At 0° and 18°C. the values are said to be reliable to within two or three units 
in the first decimal place, while those at the othertemperatures are reliable to 
within one unit in the first decimal place. Mobilities of the rubidium ion in 
a number of non-aqueous solvents have been estimated from conductivity 
data for rubidium salts.*»"* 

Nernst’s limiting diffusion formula D° = RT \,/zF? may be used in con- 
junction with the above mobility data to yield values for the diffusion co- 
efficient, D°, of the Rbt ion at infinite dilution. At 25°C. a value of 2°07 x 
10°>cm#sec? is obtained in this way for the self-diffusion coefficient of the 
rubidium ion at infinite dilution in water. By the use of an open-ended capil- 
lary tube method and employing *°Rb as radio-tracer the values in Table XVII 
have been determined for the self-diffusion coefficient of the rubidium ion in 
aqueous solutions of rubidium iodide at 25°C.** 


TABLE XVII.- SELF-DIFFUSION COEFFICIENTS OF Rb* IN RbI (aq.) 
Ate? 5G: 


Rbt+ Concn. Dx 10 
g.-ion/litre | cm.?/sec. 


2055+ 


A value of 0:0056 has been calculated for the specific viscosity of the 
rubidium ion in 0e1 N. aqueous solution.’® 

Magnetorotary powers, [MI, of the rubidium ion (in min. cm.? gauss” g.- 
ion’) derived from the work of Okazaki on the F araday effect in aqueous salt 
solutions are as follows, a value of zero being assumed for the hydrogen 
ion. 


Wave-length, A. 5900 5500 5100 4700 4300 3900 3500 
(M] 0:44 0046 0:53 0°65 084 1005 1623 
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Okazaki’s molecular magnetorotation constant, D (see Part I, page 422) has a 
value of 1:51 x 107** for the rubidium ion. 

The refractivity of the rubidium ion in aqueous solution for the sodium 
D-line is 3°58.'° 

Exchange between Rbt ions and other ions has been studied with syn- 
thetic cationic exchange resins*°™* as well as with natural exchangers such 
as minerals.””** (See also page 1542), 


The Gaseous Ion. 

The most widely used method of producing gaseous rubidium ions con- 
sists of heating a rubidium compound, mixed with other substances, on a 
metal filament.*?** Mixtures of iron oxide with about 1% of a rubidium com- 
pound and, in some cases, with about 1% of aluminium oxide —7.e. Kunsman 
catalysts****— have found extensive application as have glass melts of silica, 
alumina and rubidium oxide.**** The ions may be accelerated to the required 
potential in an electric field. Rubidium ions may also be produced by photo- 
ionization (see page 2159) or by surface ionization on a suitable metal such 
as tungsten (see page 2157), 

The heat of formation ot the gaseous rubidium ion is 118°297kg.-cal. 
g.-ion™ at 298°16°K.' 

In various gases at one atmosphere and 20°C., the mobility of the Rb*+ ion 
(in cm./sec./volt/cm.) is as follows:°%** 


Helium 20°99 Xenon 1612 
Neon 7°08 Hydrogen 1304 
Argon 2°37 Nitrogen 2239 
Krypton 161 


Later measurements in the rare gases are in close agreement with these.*° 
The temperature variation of the mobility in krypton has been determined 
over the range 90-455°K.; at the higher temperatures the mobility at con- 
stant density appears to reach a constant value.** Alkali metal ions, in the 
presence of water vapour, acquire a cluster of water molecules which reduces 
their mobility. The mobility of the Rbt ion has been studied in helium, neon, 
argon, krypton and xenon all containing small concentrations of water vapour, 
and the water vapour has been found to have the greatest effect in helium, 
where it reduces the mobility by 40%.*° Other measurements have been made 
in pure water vapour.** The mobility of Rb+ ions in a bunsen flame has also 
been measured.*° 

Several studies have been made of the ionization of the inert gases by 
rubidium and other alkali metal ions.*7°*3”** Beeck and Mouzon,*°°*? who 
measured the potentials (ion velocities) required by rubidium ions to ionize 
neon, argon, krypton and xenon to be 420V., 180 V., 100V., and 145 V. res- 
pectively, found that, in general, an inert gas is most easily ionized by the 
alkali ion with an atomic number nearest its own. It has, however, been 
suggested*® that there was some interference from secondary electrons in 
these measurements. By the use of a space-charge method sensitive to any 
resulting positive ions but unaffected by secondary electrons from the walls, 
values of 135 V., 97°5 V., and 150V., have been obtained for the potentials 
required for ionization of argon, krypton and xenon respectively.*® 

Optical excitation by rubidium ions has been studied in the rare gases” 
and in mercury vapour. 

Reflection of ions and the emission of secondary electrons has been 
studied on bombarding metal surfaces with rubidium ions.***® 

The refractivity of the free rubidium ion for the sodium D-line is 3°58.°° 
Values for the polarisability of the rubidium ion include 1°42 x Ranged 10485 
x 107*,*° 165 x 10%, and 1°81 x 10%*.% Other dielectric parameters of the 
rubidium ion have been evaluated.°*™ 
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SOLUTIONS OF RUBIDIUM 


Like the other alkali metals, rubidium dissolves readily in liquid ammonia 
to give deeply coloured solutions. The rate of solution is greater than for 
the alkali metals of lower atomic weight,’ and the heat of solution is zero.’ 
Rubidium solutions are less stable than those of lithium, sodium and potas- 
sium; amide formation occurs with the accompaniment of hydrogen evolution** 
(see page 2172), 


Rb + NH, — RbNH, + 44H, 


_ Decomposition of the solutions is catalysed by even minute traces of im-— 
purities. (cf, Part I, page 427). 

The same coloration and absorption is shown by rubidium adsorbed on 
films of solid ammonia at —183°C. and a pressure of 10°* to 10* mm.Hg as by 
solutions of rubidium in ammonia.® Optical absorption starts at about 5600 A. 
and increases towards longer wave-lengths.° 

Rubidium is also freely soluble in methylamine.’ 

Searches for a solvent for a rubidium salt that is not also a solvent for 
the metal have been made in connection with the determination of the elec- 
trode potential of rubidium.’ Lewis and Argo’ found rubidium to be only 
slightly soluble in an ammonia/ethylamine mixture containing 7°9mol.-% of 
ammonia. With increasing ammonia content the solubility of rubidium in- 
creased, but at 13°4mol.-% of ammonia a second layer of metallic appearance 
was formed. Whilst pentane and liquid ammonia are miscible in all propor- | 
tions, addition of a small amount of rubidium to such a mixture causes separa- 
tion into two phases, the rubidium dissolving only in the phase ‘consisting 
chiefly of ammonia.’ 
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ATOMIC WEIGHT AND ISOTOPES 


Up to 1937 the internationally accepted value for the atomic weight of 
rubidium was 85°44 based on the work of Archibald’ in 1904. In 1937? it was 
changed to its present® value of 85°48 following redeterminations of the RbCl: 
Ag, RbBr:Ag, and RbBr:AgBr ratios by Archibald and co-workers.*® 

For determining the RbCl:Ag ratio,* the rubidium salt was purified by 
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fractional crystallization first as the dichloroiodide (10 times), then as the 
acid tartrate (5 times), and finally as the chloride (3 times). Rubidium 
chloride was prepared for weighing by fusion under nitrogen and was com- 
pared with pure silver by the standard solution method of Johnson® (see page 
1553). The resulting value for the atomic weight was 85°482. Rubidium 
bromide was obtained from the rubidium nitrate formed during the chloride 
analyses.° There was an intermediate recrystallisation as the acid tartrate, 
and the bromide was further recrystallised. Nephelometric determination of 
the RbBr:Ag ratio gave Rb = 85°483 whilst gravimetric estimation of the 
RbBr:AgBr ratio gave Rb = 85°478. There is good agreement between the 
three ratios which yield an average atomic weight of 85-481. 

There are two natural rubidium isotopes with mass numbers 85 and 87. 
Several mass spectrographic determinations of their relative abundance are 
in fair agreement yielding **Rb/*’Rb ratios in the vicinity of 2°6 (Table XVIII). 
In a review of abundance ratio data, Bainbridge and Nier’® in 1951 chose 
2°591+ 0°003 as the best value for the *Rb/*’Rb ratio. This corresponds to 
72015 + 0:03 atom-% **Rb and 2785 + 0:03 atom-% *’Rb. 


TABLE XVII.- NATURAL RELATIVE ABUNDANCE OF .“Rb AND ®’Rb 


"am | #°m 


Aston 3°0 
Brewer & Kueck 2°59 + 0°04 
Bondy et al. 2°68 
Brewer 259 +001 
Nier 2°68 + 0°02 
Brewer 2°60 + 0°01 
Paul 2°64 + 0°03 


2°591+ 0003 


An *“Rb/*’Rb abundance ratio of 2¢591 taken in conjunction with the 
masses of these two isotopes (see below) also leads to an atomic weight 
of 85°48. 

Brewer and Baudisch’® reported a normal **Rb/*’Rb ratio in old mineral 
formations of marine plant origin and their associated mineral waters in which 
some fractionation of the potassium isotopes was found (see page 1555). 
Brewer’? obtained 2°61+0c01 for the *Rb/*’Rb ratio in lepidolite and zinn- 
waldite minerals, in rubber seed and in apple seed, whilst in artificial spodu- 
mene he obtained the slightly lower value of Oi 59+0:01. Rubidium ion 
sources show no isotope effect of free evaporation similar to that found with 
lithium’ (cf. Part I, page 65). 

Nier,** who made a mass spectrographic search for other naturally occur- 
ring eubidium isotopes, set the upper limits for their abundance relative to 

Rb as: 


Nier 


Rb, “Rb, "Rb, *Rb and Rb 1:100,000 


*8Rb 1:60, 000 
*Rb 1:12,000 
®°Rb 1:13,000 
*°Rb 1;:22,000 


A number of rubidium isotopes with short half lives have been produced 
artificially by nuclear reactions. A review, which also summarises methods 
of production and disintegration schemes, lists the following:'’ (see also 


pages 2454 and 2455 
Isotope Approx. Half Life Isotope Approx. Half Life 


8IRb 4e7 hr. °°Rb 2°7 min. 
82Rb 6e3 hr. Rb 14 min. 
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Isotope Approx. Half Life Isotope Approx. Half Life 


*8Rb 100 days *2Rb 1¢3 min. 
*Rb 36 days Rb i 
°°Rb 19°5 days **Rb - 
*®Rb 18 min. **Rb : 
8°Rb 15 min. Rb 5 


There are also metastable excited states of some of these. 

Mass spectrometer measurements of mass doublets containing rubidium 
have given the masses of the “Rb and *’Rb isotopes as 84:93920+ 0°00008 
and 86°93709+ 0°00017 respectively:** *H = 1°008146+0:000005 and *7C = 
12°003842 + 0:000004 were taken as standards in these measurements (cf. 
page 1556). Measurements’ with a magnetic time-of-flight spectrometer have 
given *Rb = 84-931+ 0¢0015 and *’Rb = 8629295 + 0°0020. 

Hemmendinger and Smythe”® separated the two rubidium isotopes with the 
aid of the mass spectrograph and showed °’Rb to be responsible for the natu- 
ral radioactivity of rubidium (cf. page 2160). Rubidium is among elements 
whose isotopes have been successfully enriched using production-scale mass 
spectrographs originally developed to enrich uranium—2 35,74 
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SECTION LXV 
THE CHEMICAL REACTIONS AND ALLOYS OF RUBIDIUM 
By (Mrs.) F. DICKINSON 


CHEMICAL REACTIONS 


Rubidium forms four oxides: Rb,O, yellow cubes; Rb,O,, yellow cubes; 
Rb,O;, a black powder; and RbO, a yellow powder.’ 

The monoxide is obtained when dry oxygen is passed over excess of 
rubidium contained in a previously evacuated vessel. When oxidation is 
complete the apparatus is again evacuated and the reaction mass heated to 
160-180°C. so that excess metal can distil over leaving behind the pure crys- 
stalline monoxide. On heating to 400°C. it decomposes to rubidium peroxide, 
Rb,O,, and rubidium which is volatilised. The final thermal decomposition 
product of the peroxide is rubidium monoxide.? Brewer and Mastick* have 
shown by theoretical calculations that the monoxide is unstable at 1000°K. 
and dissociates. 

Rubidium, contained in an aluminium boat in an evacuated glass tube, 
may be converted to the peroxide by allowing it to absorb the calculated am- 
ountof oxygen and then melting the mixture. On cooling, the brown liquid 
solidifies to yellow crystals of the peroxide. The peroxide is also formed 
by the rapid oxidation of rubidium in liquid ammonia at —50°C. in the presence 
of a trace of rubidium amide, but the product is not pure. Incomplete dis- 
sociation of the superoxide, RbO,, gives rubidium peroxide with some mon- 
oxide.’ 

The end product of the oxidation of rubidium with oxygen is rubidium 
superoxide: the metal is heated just below its m.p. in oxygen at atmosph- 
eric pressure until absorption is complete. When oxygen is slowly led over 
rubidium, freshly prepared by the reduction of pure rubidium sulphate, the 
metal ignites and a vigorous reaction occurs producing the superoxide. This 
oxide is also formed by the oxidation of rubidium of rubidium peroxide in 
liquid ammonia; after long stirring reddish yellow crystals are deposited.’ 

The spontaneous oxidation of rubidium amalgam exposed to air is des- 
cribed by Rinck and Chassain.* The reaction is complete in 4 to 7 days and 
analysis of the oxidised surface layer on the amalgam shows the formation 
of Rb,O,., to Rb,O3.; approaching Rb,O,. The variation in composition is 
probably due to the great reactivity of the amalgam with moisture. The oxide 
oxidises some of the mercury to mercurous oxide, the amount of which in- 
creases with time of contact but is not in stoicheiometric relationship with 
that of the rubidium oxide furnishing the oxygen. On treatment with water 
the oxidised amalgam gives a vigorous evolution of oxygen leaving a green 
powder, similar to that obtained with oxidised potassium amalgam, and be- 
lieved to be Hg,O. The so-called tetroxide of rubidium has been shown by 
Helms and Klemm® to contain the Oj ion and its formula is RbO, and not 
Rb,O,. 

When oxygen is passed over rubidium contained in an evacuated vessel 
until absorption is complete and the mixture is heated to the melting point, 
rubidium combines with the amount of oxygen required to form the trioxide. 
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It is also formed when the superoxide, RbO,, is heated at 550°C. at low pres- 
sures. At 600°C. the black trioxide decomposes to the monoxide with evo- 
lution of oxygen.” 

When ozone is led into a liquid ammonia solution of rubidium a compound 
apparently analogous to that formed by the action of ozone on solid potassium 
hydroxide is obtained. The compound cannot however be isolated in the dry 
state free from ammonia:® it is thought to be RbOH.O or (RbOH),0,. 

When pure dry hydrogen is passed over pure rubidium contained in an iron 
boat in a glass tube heated to about 300°C., crystals of rubidium hydride are 
formed in the cooler part of the tube. Hydrogenation at 300°C.—400°C. is 
very slow and a static method may be used in a vacuum-tight apparatus, the 
rubidium being contained in a nickel boat. Rubidium, prepared from rubidium 
carbonate and magnesium powder, is distilled and cooled and then slowly 
vaporised in a stream of hydrogen at one atmosphere pressure at 300°C.— 
400°C. The hydrogenation is not complete if the metal is vaporised quick- 
ly.” Rubidium deuteride, RbD, has been prepared in an analogous manner.** 

A blue light is observed on the surface of rubidium when it is heated to 
give a vapour pressure of about 0*1mm. in a long tube through which moist 
hydrogen at a pressure of about 0:1 to 0°05mm. is streamed while a powerful 
electric discharge is passed. A possible explanation of spectrum excitation 
by atomic hydrogen is that a three-body collision of two hydrogen atoms and 
a metal atom takes place in which part of the energy of recombination is ex- 
pended in producing excitation of the metal atom.”'’° The mechanism of re- 
actions involving excited electronic states, i.e. reactions of the alkali metals 
with hydrogen in which chemiluminescent and quenching reactions occur, is 
discussed by Magee and Taikei.*? 

The dissociation pressures of rubidium hydride given in Table I have been 
measured by Herold.” 


TABLE I.- DISSOCIATION PRESSURES OF RUBIDIUM HYDRIDE 


The equation given for the above range of temperatures is: log p = —5680/ 
T + 11°80. The calculated heat of formation of rubidium hydride is 12°980 
kg.-cal. per g.-mole+ 1°5%. 

Rubidium dissolves in water to form rubidium hydroxide. The heat of 
formation, Rb (solid) + H,O (solid) = RbOH (solid) + 0°5 H,, is 31°56kg.-cal.? 

Fischer and Schréter’* have investigated the effect of passing an elec- 
tric discharge through nitrogen using the alkali metals as electrodes; the 
products are rapidly chilled to prevent decomposition. It is said that nitrides 
of sodium, potassium and rubidium are formed. The compounds formed when 
the discharge is passed through a liquid mixture of 90% of argon and 10% of 
nitrogen are black in colour and contain fine metallic dust. With acids these 
nitrides form ammonia, not hydrazine salts. Moldenhauer and Mottig** find 
that when nitrogen activated by an electric discharge reacts with rubidium, 
the azide is formed together with a small amount of nitride which is formed 
apparently from the azide. According to Wattenburg’® the stability of ru- 
bidium nitride is so slight that only the azide is obtained by the action of 
active nitrogen. 

The alkali metals react with either liquid or gaseous ammonia to form 
amides. With liquid ammonia the times of reaction under comparable condi- 


Refs. p. 2176 


2174 RUBIDIUM | 6541 


tions are: Cs, 15min., Rb, 30min., K, 60min., and Na and Li several days; 
i.e. the heavier the metal the more easily it reacts. The amides are white 
crystalline solids. The heat of formation of rubidium amide is 27kg.-cal. 
per g.-mole.*%?” 

Liquid ammonia solutions of rubidium are dark blue, much less dense than 
liquid ammonia, conduct the electric current and show strong paramagnetism. 
On standing, rubidium reacts with liquid ammonia slowly liberating hydrogen 
and forming the amide; the reaction is accelerated by heat, by short ultra- 
violet light and by catalysts such as platinum, iron or asbestos.**!® Ru- 
bidium is soluble in methylamine and the solution is blue as with liquid am- 
monia.*® | 

Rubidium burns in chlorine, bromine and iodine vapours. The heat of 
formation of rubidium fluoride: Rb (solid) + 0°5 F, (gas) — RbF (solid) is 
AHio, = —131°28kg.-cal.;7° other values given are —132°8kg.-cal.”* and 
—107°85 to —107°95kg.-cal. at about 288°K.? The total energy change for the 
formation of the fluoride from its elements is given as 225kg.-cal.?* The 
relationship between the heat of formation, lattice energy and properties of 
the ion has been discussed by Grimm.? 

For the reaction Rb (solid) + 0°5 Cl, (g) — RbCl (solid), AH sos = —102°9 
kg.-cal.,?° AH,,, = 105-00kg.-cal.? The total energy change in the formation 
of the chloride from its elements is 238 kg.-cal.??, The relationship between 
the heat of formation, lattice energy and properties of the ion has also been 
discussed by Grimm.”* 

The heat of formation of rubidium bromide: Rb (solid) + 0°5 Br, (gas) 
—» RbBr (solid) at about 15°C. is —99°21kg.-cal. and for rubidium iodide 
under the same conditions —87°45kg.-cal.? The total energy changes for the 
formation of the bromide and iodide from their elements are respectively 239 
and 243kg.-cal.??, The dependence of the volume of the components of the 
halides on the heats of formation is discussed by Schutz and Ephraim™ and 
the relationship between the heat of formation, the lattice energy and the ion 
properties by Grimm.”* 

A chemiluminescence is observed at 2000—9000 A. when iodine and rub- 
idium vapours react at low pressures, not exceeding 15mm. The first lines 
of the. principal series and the second lines of rubidium as well as faint 
apparently continuous bands are seen.” 

in his collection of data of elements which exhibit anomalous valencies, 
oe jists the roe One compounds: Rb'[RbYF,]; Rb'{SbYF,]; RbSbF,,- | 
IRbF, 

Rubia bums in sulphur to form rubidium sulphide. The monosulphide, 
Rb,S, is formed together with some polysulphides. when sulphur vapour is — 
Baetea over molten rubidium at 200°300°C.? To prevent the formation of 
polysulphides, mercury sulphide may be substituted for sulphur and when the 
reaction is complete, mercury and excess rubidium are distilled off at 250°C.’ 

The heat of formation for the reaction: 2Rb (solid) + S (solid) — Rb,S 
(solid) is —83°2kg.-cal.;7° —87°lkg.-cal.? 

Thermal analyses of the system rubidium-sulphur in the region of Rb,S, 
to Rb,S,,, indicate the existence of Rb,S, m.p. about 420°C.; Rb,S, m.p. 
about 213°C.; Rb,S, m.p. above 160°C.; Rb,S, m.p. 231°C. and Rb,S, m.p. 
201°C. Desulphurisation of the pentasulphide by heating in hydrogen begins 
slowly at the b.p. of sulphur, increases above 500°C. and at 810°C. the di- 
sulphide is formed. This compound volatilises at about 950°C. and solidi- 
fies in the cold end of the tube to a pale orange-red incrustation. Desulphur- 
isation in hitrogen produces the trisulphide whichis volatile at 900° to 1000°C." ; 

The sulphides are also prepared from the elements in liquid ammonia.’ 
The monosulphide is white, the disulphide yellow, the trisulphide red, a 
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Seas reddish brown and the pentasulphide brown. (See also page 
2178). 

Pearson aid Robinson’?? have shown that molten rubidium in toluene 
reacts with sulphur to form rubidium tetrasulphide, Rb,S,; under similar con- 
ditions lithium gives the monosulphide, sodium the trisulphide and potassium, 
like rubidium, the tetrasulphide. When rubidium is dissolved in absolute 
alcohol and the solution saturated with hydrogen sulphide, excess of the gas 
being removed by boiling in a stream of nitrogen, rubidium hydrogen stlphide 
is obtained. Reaction of this compound in absolute alcohol with various 
amounts of sulphur results in the formation of higher sulphides in solution, 
either tetra- or penta- and, by analogy with potassium, most probably the 
pentasulphide. The most stable sulphides are the di- and pentasulphides, 
Rb,S, and Rb,S, and the highest stable sulphide obtained by melting rubidium 
with sulphur is the hexasulphide, Rb,S,. 

Rubidium selenide, Rb,Se, is formed when selenium is distilled on to 
rubidium. On heating in vacuum at about 650°C. there is a slight separation 
of metal; rubidium vapour is not taken up again at either ordinary or higher 
temperatures.”’ (See also page 2178). The selenide is also formed when 
selenium is replaced by mercury selenide, excess metal and mercury being 
distilled off at 250°C.?%7® 

Rubidium telluride, Rb,Te, is formed by the action of tellurium on ru- 
bidium at high temperatures. Near its melting point a certain amount of eva- 
poration occurs without decomposition. Heating at about 690°C, in a vacuum 
results in separation of some metal; rubidium vapour is not taken up again at 
ordinary or at higher temperatures.”*’ The telluride is also formed when ex- 
cess rubidium is heated with mercury telluride and excess rubidium and mer- 
cury are distilled off at 250°C.7%?® (See also page 2178). 

The above reactions must be carried out in the absence of air and mois- 
ture in an evacuated apparatus. Rubidium hydroselenide and hydrotelluride 
are prepared by treating rubidium alcoholate with hydrogen selenide or hyd- 
rogen telluride in the absence of air and moisture. Crystalline compounds 
are obtained by distilling off the alcohol in a vacuum.”° 

Rubidium like potassium reacts with carbon in the form of graphite, soot 
or active charcoal, which swell up as they become permeated with the molten 
metal, disintegrate and give out heat. Details of the experiments carried out 
by Fredenhagen and Cadenbach are shown in Table II. 


TABLE II.- REACTION OF RUBIDIUM WITH CARBON 


emp. °C. Pressure Nasommant Amount of Rubidium 
per mole of C 


mm. Hg 
HOP Rb ay 
450 300 1o2 Graphite Oo 12 
450 | 300 1e2 Soot Qc 12 


The product RbC, is pyrophoric and dark copper-red in colour. Because 
of the relatively higher vapour pressure of rubidium the reaction can be car- 
ried out at a lower temperature than with potassium, with the result that the 
glass container is not markedly attacked.** According to Schleede and Well- 
mann*” the above compound has a similar layer lattice to that of the potassium 
compound KC,, having metal planes alternating with the basal planes of 
graphite. By heating the brown compound at a higher temperature a black 
compound is formed in which every two graphite planes are followed by a 
metal plane, the composition being represented by the formula RbC,,. Ac- 
cording to Rtidorff and Schulze** thermal decomposition of RbC, gives in turn 
RbC,,, RbC,;,, RbC,, and RbC,, all of which are heterogeneous in crystal 
structure and weakly paramagnetic. The equilibria: 3C,M = C,,M+ 2M, 
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where M is potassium, rubidium or caesium and C refers to graphite, have 
been studied by Herold** by passing the metal vapour over graphite at various 
temperatures up to 600°C. A series of insertion compounds is formed. The 
heat of formation ( when’ one atom of metal is fixed i.e. C,,M + 2M (vapour) 
—> 3C,M + 2Q is 3°4, 5°85 and 10°l1kg.-cal. where M = K, Rb or Cs respective- 
ly, with all in the liquid phase. 

Glass and porcelain are attacked by molten rubidium; Peres glass is 
attacked at a higher-temperature than erdinary glass and Suprax glass is even 
more resistant than Pyrex.’ 

Rubidium reacts with a solution of anhydrous hydrogen cyanide in ben- 
zene to form rubidium cyanide.” 

Acetylene is decomposed even on slightly warming with rubidium with 
voluminous separation of carbon. The acetylide, RbHC,, is formed when 
acetylene is led into a solution of rubidium in liquid ammonia. The trans- 
parent crystals float on carbon tetrachloride but sink in ether and melt with 
decomposition below 300°C. On heating in avacuum, at 300°C. the compound 
is converted to rubidium carbide, Rb,C,.* 

When excess of rubidium is treated in an evacuated vessel with phos- 
phorus, a black product is formed which on heatingina vacuum at about 450°C 
gives rubidium phosphide, Rb,P,. This compound is yellow at room dente 
perature and on warming becomes reddish brown. It melts at about 650°C 
with decomposition; when heated in hydrogen at 300°C. phosphorus is split 
off and a black phosphide obtained. Transparent crystals are obtained when 
a liquid ammonia solution of the phosphide (yellow) is concentrated at —18°C. 
The crystals effloresce at room temperature and lose ammonia to give amor- 
phous pentaphosphide.? 

Rubidium reacts violently with vanadium oxytrichloride VOC], at.G0° Gee 

Thermal analysis of the rubidium-mercury system indicates the presence 
of the following compounds: Rb,Hg,, RbHg,, Rb,Hg,, RbsHg,., Rb,Hg,., RbHg., 
RbHg, and Rb,Hg,. (See also page 2182), | 

Rubidium dispersions, stable against settling and agglomeration and in 
which the dispersed metal does not exceed 50p in size, are prepared from an 
emulsion of finely divided molten particles of the alkali metal in an inert 
liquid hydrocarbon of b.p. higher than the m.p. of rubidium in the presence of 
an emulsifying agent. The emulsifying agents suggested are (1) alkali metal 
alkoxides, MOR, where M is the alkali metal and R an aliphatic, cycloali- 
phatic or aromatic radical and (2) an alkali metal organic compound i.e. com- 
pounds having at least one residue of the structure C:CCM where M is the 
alkali metal.*° 

Rubidium is eon from its hydroxide by heating with iron at a pres- 
sure of 0:001mm. at 500°C. to 700°C. _ The reaction takes place according 
to the equation: 3RbOH + 2Fe — Fe,0, + 3Rb + 1°5H,. The yield of metal 
is about 50%, probably because a non-reducible ferrite is formed in the course 
of the reaction. 

When rubidium sulphate is heated in an evacuated apparatus with iron, 
reaction begins at 800°C. and is rapid at 1000°C. After heating for one hour 
at 1100°C. an 80% yield of rubidium is obtained: 2Rb,SO, + 3Fe — Fe,O, + 
FeS + SO, + 1°50, + 4Rb.*” 

Accounts of the chemical properties of the alkali me.als, including rm- 
bidium, have been given up to about 1936 by Guillet,** up to 1940 by Klemm*° 
and up to about 1948 by Sidgwick.*? 
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Reactions of rubidium in liquid ammonia 


Reviews of the reactions of the alkali metals in liquid ammonia with 
numerous references up to about 1937 have been given by Fernelius and Watt’ 
and up to about 1950 by Watt.’ 

When oxygen is led into a liquid ammonia solution of rubidium, the per- 
oxide, Rb,O,, and the superoxide or ‘dioxide’, RbO,, referred to in the early 
literature as the tetroxide, Rb,O,, are formed at about —60°C.’ 

On treating a liquid ammonia solution of rubidium with ozone a gelatinous 
white mass of rubidium hydroxide is first formed; the blue colour of the metal 
solution disappears and the white precipitate redissolves to form a deep 
orange liquid and a second precipitate, which is similar in behaviour to the 
compound formed when solid potassium hydroxide is treated with ozone. The 
compound is considered to be an ozonide but is too unstable to isolate and 
study. Apparently 2/3 to 3/4 of an atom of oxygen is present per molecule 
of rubidium hydroxide and the formula is probably RbOH.O or (RbOH),O,.°** 

Finely divided rubidium, prepared by the evaporation of a solution of sub- 
limed rubidium in dry liquid ammonia, behaves as a catalyst of weak activity 
in the hydrogenation of acetylene.° 
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The monosulphide of rubidium, Rb,S, has been prepared by the direct 
union of the elements in liquid ammonia.’ 

The rubidium polysulphide represented by the formula Rb,S,,, prepared 
in situ in liquid ammonia in the presence of the iodide of the metal, has been 
potentiometrically titrated with a standard solution of rubidium in liquid am- 
monia at —38°C. Points of inflection on the e.m.f./composition curve in- 
dicate the formation of Rb,S, and Rb,S,. It is impracticable to continue the 
titration to the monosulphide stage because the dense yellow crystals of the 
disulphide are almost insoluble in the solvent and react very slowly. The 
time taken for 1ml. portions of the solutions to react is of the order of sev- 
eral hours.°® 

Féher and Naused’ have prepared the crystalline polysulphides, Rb,§S,, 
Rb,S;, and Rb,S,, by the reaction of sulphur and rubidium in liquid ammonia, 
and have isolated them for determination of their physical properties. The 
tetra- and hexa-sulphides have not been obtained in this way. 

Rubidium selenide, Rb,Se, and telluride, Rb,Te, have been prepared from 
their elements in liquid ammonia.*” 

The relative catalytic activities of samples of nickel produced by reduc- 
tion of nickel bromide, NiBr,, in liquid ammonia by the action of the several 
alkali metals have been investigated by Watt and Mayfield.*®° The rate of 
solution of rubidium in liquid ammonia and the rate of reduction of nickel 
bromide are too rapid for accurate observation, but both rates are greater with 
rubidium than with lithium, sodium or potassium but not so great as with 
caesium. The catalytic activity of the nickel produced per unit area is 
practically constant for all the alkali metals. 

Rubidium reacts with carbon monoxide in liquid ammonia at —60°C. to 
give a white precipitate of the carbonyl, RbCO." 

Lead reacts with rubidium in liquid ammonia solution to give an amethyst 
solution.*? 

A monoadkali acetylide is formed, RbHC,, when acetylene is passed into 
a liquid ammonia solution of rubidium at —40° to -G0°C. Some acetylene is 
reduced to ethylene.’ 
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Reactions of rubidium with organic compounds 


General accounts of the reactions of the alkali metals with organic com- 
pounds have been given by Wooster,’ Coates? Sidgwick*® and Gilman.‘ 

Rubidium reacts with diethyl zinc to form ethyl rubidium which has been 
isolated in the form, RbEt,ZnEt,, m.p. 70°-75°C.° 

Benzene or toluene reacts with rubidium in a vacuum, even at ordinary tem- 
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peratures, with blackening of the metal surface; at higher temperatures, 
above the m.p. of the metal, a black slimy mass is formed without evolution 
of gas. By analogy with the reaction of caesium and benzene, the black 
compound is described as rubidium pheny1.° On treatment with water diphenyl 
and not benzene is formed and Grosse’® states that the compound with caesium 
cannot possibly be caesium phenyl; de Postis’ has since shown in fact that 
caesium reacts with benzene to give C,H,Cs, and with toluene to give C,H,- 
CH.Cs. 

According to Bridgman® a chemical reaction occurs when rubidium and 
petroleum ether are subjected to high pressures. 

A precipitate of rubidium phenyl is obtained when rubidium in benzene 
is stirred with di-n-butyl mercury. -On treatment with hydrogen, rubidium 
hydride and benzene are formed: RbPh + H, — RbH + C,H,. The rate of 
reduction at room temperature and at a pressure slightly above atmospheric 
is shown in Table III. 


TABLE III.- REDUCTION RATES OF ALKALI-METAL PHENYLS WITH 
HYDROGEN IN BENZENE 


Average time hrs. 
for 90% Reduction 


1°9 
0° 54 
Oe 42 
0-2 


The order of reactivity of the alkali metal phenyls is CsPh > RbPh > KPh 
> NaPh. Apparently this is one of the very few non-catalysed reactions of 
molecular hydrogen occurring at room temperature.’ 

1:1-Diphenylethylene on treatment with rubidium dimerizes and adds on 
rubidium.*° The metal does not however add to tetraphenylethylene, prob- 
ably owing to steric factors associated with the relatively large atomic volume 
of the metal compared with that of sodium. With sodium-rubidium alloy 
probably the sodium derivative is first formed but the final product is the 
rubidium compound: Ph,CRbCRbPh,.*° 

Phenylacetylene reacts with ine alkali metals to form compounds of the 
type PhC:CM. When 0:02 moles of the hydrocarbon in 25ml. of ether is added 
to 0-01 g.-atom of the metal, the time required for reaction is 12hr. for ru- 
bidium, 25hr. for caesium and 40hr. for potassium. The rubidium compound 
is tan Coloused. 

The time required for the reaction of the alkali metal phenylacetylides 
with benzonitrile in ether is shown in Table IV and the magnesium bromide 
compound is also included: 


TABLE IV.- RATE OF REACTION OF METAL PHENYLACETYLIDES WITH 
BENZONITRILE 


Compound Time (hr. ) 


PhC!CMgBr 87, 85 
PhC:CLi 57, 63 


PhC:CNa 6:5, 7:0 
PhC:CK 403, 405, 5°3, 51 
PhC:CRb 408, 49 
PhC:CCs 3°8, 3°9 


The heavier is the alkali metal the more reactive it appears to be. There 
is no apparent reaction with ether during the time required ice the addition of 
benzonitrile.’ 
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Alkali metal organic compounds of the type KM give very good vields ot 
the ‘corresponding acid when carbonated in boiling ether and treated subse- 
quently with a mineral acid.*® 

Rubidium amalgam reacts with triphenylmethyl chloride in ether solution 
to give first the free radical, Ph,C, which then adds to one atom of rubidium, 
Ph,CRb. The deep blood-red solution and the solid powdery product resemble 
those of the sodium and potassium products. Air and moisture immediately 
decolorise the compound but if dried in the absence of these the product will 
redissolve in ether. In dilute solutions (lg. of rubidium in 350-450ml. of 
ether) the addition of triphenylmethyl chloride gives the dark red colour of the 
rubidium compound, but on shaking the colour is destroyed and does not re- 
appear. The isolated rubidium compound, Ph,CRb, probably contains some 
free radical because on treatment with water, in addition to triphenylmethane, 
Ph,CH, another substance, m.p. 180-186°C. sparingly soluble in benzene, 
probably a peroxide, is obtained.°* 

The alkali metal compounds of benzophenone react with n-butyl chloride 
at relative rates which show the order of activity to be: Cs > Rb > K.*° 

A grey coating forms on the surface of rubidium when placed in a mixture 
of paraffin oil and carbon tetrachloride.® 

Rubidium in small amounts or its sulphate or nitrate behaves as a catalyst 
in the oxidation of natural gas by liquid-phase contact with 80-98% sulphuric 
acid or fuming acid at 240-320°C. to produce methyl alcohol, formaldehyde 
and acetaldehyde. Tne catalysts are dispersed in the acid, the metal dis- 
solving, probably as its sulphate.” 
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RUBIDIUM ALLOYS 


The behaviour of rubidium with lithium, sodium and potassium has al- 
ready been described under the heading of ‘Alloys’ with the appropriate al- 
kali metal. 

The system rubidium-caesium has been studied by several workers. 
Goria’ by means of thermal analysis, found a eutectic at —39°C. with approxi- 
mately 13% of rubidium, but no evidence of any compound, not even unstable 
ones, nor of any solid solutions. 

According to Bohm and Klemm? the rubidium-caesium system forms a 
mixed crystal containing 3lat.-% of rubidium: thermal analyses and X-ray 
examinations were used in this investigation and lattice constants were 
measured at —70°C. Complete miscibility is found in the solid and molten 
state. 

Rinck*® has prepared composition-conductivity diagrams for the rubidium- 
caesium system, all of the experimental work being carried out in an evacuated 
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system. The composition-conductivity curves obtained from data at O0°C. 
and —39°C. are both continuous with a minimum point at the composition 
RbCs. The two elements form an uninterrupted series of solid solutions, 
the minimum melting point, 9°C., corresponding with the composition RbCs. 
These results differ entirely from Goria’s which were obtained by working in 
an atmosphere of an inert gas and not in an evacuated system. Rinck con- 
siders that the system studied by Goria was in fact Cs-Kb-Q-OH and not 
Rb-Cs. 

Hara* has determined the freezing points of a number of completely iso- 
morphous bimetallic systems, including the rubidium-caesium system, and 
plotted freezing point-composition curves. The composition of the system 
at the minimum f.p. is represented by the formula RbCs. 

Geguzin and .Pines® have prepared calculated and experimental equili- 
brium diagrams for a number of binary systems including rubidium-caesium. 
Equations involving the melting point of each of the two metals, the heats 
of mixing in the liquid and solid solutions and the concentrations of the 
liquid and solid solution have been used to predict the shapes of the liquidus 
and solidus curves of a number of diagrams. The temperature of the point of 
equal concentration has been calculated from the equation: 


Doig types Eg) 
1-2x 


where I'm is the temperature of melting required, Ta, Tp the melting points 
of the two pure components and x the experimental value for the concentra- 
tion at Tm. The following values are given: T,(caesium), 299°K.; TR 
(rubidium), 312°K.; x, 0°42; Tm (calculated) 284°7°K.; Tm (experimental) 
Z18- KK: 

Henry and Raynor® have applied the general metallurgical implications 
with respect to the cohesion of alloys’ to the particular case of the alkali 
metals and give calculations which show that solid solution formation is 
restrictedin all the possible alkali metal systems except rubidium-potassium, 
rubidium-caesium and potassium-caesium for which extensive solid solutions 
exist. Further extension of the theory to include the liquid state enables 
the relative magnitudes of the liquidus depressions to be accounted for in 
the system rubidium-caesium. 

The existence of intermetallic compounds in the vapour state has been 
shown by spectra of the alkali metals and of their alloys with each other.”? 
Rubidium and caesium combine with each other in the vapour state; the ob- 
served bands lie near the principal series lines of the constituent atoms. 

The rubidium-gold system has been investigated by Ehrhorn et al.*° 
Finely divided gold and purified rubidium are heated at 200°-220°C. for 
12—18hr. to cause a reaction to occur in an atmosphere of argon at 720mm. 
By heating in vacuo at 150° to 200°C. for Shr. or more a black mixed phase 
is produced; this is decomposed by heating at 250° to 300°C. for 10 to 20hr. 
The preparation is complete when no more rubidium distils off. The residue 
is pure dark green and contains only 17-19% of rubidium. Larger crystals 
have a light green lustre and are brittle. The X-ray diagram is quite different 
from that of either constituent. The compound RbAu, is not as stable in air 
as is the potassium compound but it can be readily handled. 

The space occupied by the alkali metals in the above alloys is much less 
than that occupied by the pure metals; this is considered to be due to com- 
pression.** 

In the rubidium-cadmium system, the intermediate phase poorest in ru- 
bidium is the crystalline cubic compound, RbCd,;, having the lattice side 
a = 13°88 A. There are 112 atoms in the unit cell. This composition has 
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been confirmed by X-ray, density and analytical data, which do not agree 
with the formulae, RbCd,, or RbCd,,, given in the literature. The alkali 
metal is surrounded by 24 equally distant cadmium atoms. Powder diagram 
data are given by the authors.’? 

The complete phase diagram for the rubidium-mercury system has been 
constructed on the basis of thermal analysis by Biltz, Weibke and Eggers.** 
Eight compounds are shown: Hg,Rb, -4°52% Rb, m.p. 67°C.; Hg,Rb, 6°63% 
Rb, m.p. 132°C.; Hg Rb,, 8°45% Rb, m.p. 162°C.; Hg,,.Rbs, 10°58% Rb; 
Hg,Rb,, 10°85% Rb; Hg,Rb, 17°56% Rb, m.p. 256°C. decomp.; Hg,Rb;, 24°21% 
Rb, m.p. 170°C.; Hg,Rb,, 27°15% Rb, m.p. 157°C. See Fig. 1.** 


Hg,,gRb; 


Hg, Med 
ld 


Hg,Rb 


FIG. 1.- THE SYSTEM Hg-Rb 


The light alkali metals do not form compounds as rich in mercury as the 
heavy alkali metals. Also comparable compounds of mercury with the alkali 
metals have lower melting points with increasing atomic number of the alkali 
metal. 

Grube’* has discussed the various methods used for the detection of 
intermetallic compounds in alloy systems and describes the rubidium-mercury 
system. X-Ray investigations, thermal expansion determinations, measure- 
ment of electrical resistance and of magnetic properties give useful informa- 
tion for detecting compound formation. Many graphs and diagrams are given 
by the author. 

A short account of the theory of the molecular constitution of amalgams 
is given by Schulze’® with many tables and diagrams giving published data 
up to 1925 on the electrical conductivity of amalgams and the effects of 
composition and temperature. Typical values for electrical conductivity are 
given in Table-V. 


TABLE V.- ELECTRICAL CONDUCTIVITY OF RUBIDIUM AMALGAM 
Specific Relative Conductivity 


At.-% Rb | Wt.-%Rb Conductivity 
at 18°C. 


1°0462~x 10% 
1°0400~x 10° 
1°0332x 10% 
1°0162x 10% 


The partial molal free energy of rubidium in the compound RbHg,, has 
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been measured by the e.m.f. of a galvanic cell, the electrodes of which con- 
sist of the electropositive metal and the liquid amalgam saturated with the 
mercuride. A value of —24°8kg.-cal. has been. obtained by Gerke?’ for ru- 
bidium. 

The data in Table VI are given by Semenchenko et al.**”° for the surface 
tension of rubidium-mercury alloys. 


TABLE VI.- SURFACE TENSION OF RUBIDIUM-MERCURY ALLOYS 


Concentration 
g.-atom Rb/1. 
0- 000756 
0- 00128 

Oe 00148 

Oe 00189 
0- 00398 
0- 00715 
0 01181 
0:0198 
0» 0267 

0° 0864 


The solid-solubility effect of metallic surface friction has been used by 
Umeda and Nakano”® to assist in the construction of some phase diagrams. 
The surface coefficient of friction, 1, is determined as a function of tempera- 
ture noting the temperature when p becomes zero, i.e. at the eutectic point 
of the binary system. The binary mixtures which show this effect, including 
rubidium-mercury, are given. 

The rates of reaction between alkali metal amalgams, (rubidium amalgam 
included) and acid solutions are shown to be dependent on the hydrogen ion 
concentrations, on the rate of stirring, and on the volume and surface area of 
the amalgams. Good duplication of results is obtained if platinised platinum 
is used as the other electrode but smooth platinum gives varying results.” 

Hohmann”? has investigated the action of the alkali metals on silicon and 
germanium. The latter are heated at 600° to 700°C. in an inert atmosphere 
with an excess of the alkali metal. When the reaction is complete excess 
metal is distilled off in vacuo leaving behind crystalline compounds with one 
atom of the alkali metal combined with one atom of silicon or germanium. 
The compounds are decomposed by acids, alkalis and water. Whereas the 
sodium compound NaSi decomposes on further heating ina vacuum, the heavier 
alkali metal compounds form KSi,, RbSi,, CsSi, and KGe,, RbGe,, and CsGe,. 
It has been shown more recently by X-ray methods that the compounds ob- 
tained by thermal decomposition of potassium, rubidium and caesium silicides 
at 10° mm. Hg at about 400°C. are KSi,, RbSi, but CsSi,.”* 

Experimental difficulties arise in the preparation of phosphorus and 
arsenic compounds of rubidium; not only are the substances sensitive to air 
and moisture, they also attack the container materials and have high dissocia- 
tion pressures. With phosphorus in particular, the preparation ot homogen- 
eous substances is very difficult. The compound, Rb,P, has not yet been 
prepared; Rb,P, is described as a polyanionic substance. The arsenic 
compound, Rb,As, is said to have a salt-like structure.” 

_ Just as with potassium vapour and red phosphorus under certain con- 
ditions small black needles of approximate composition KP,, are obtained, 
so also is a similar compound obtained with rubidium.”* 

A number of phases are shown to exist in the rubidium—antimony system; 
antimony-rich structures appear with the composition, Rb,Sb, or Rb,Sb;; Rb,Sb 
has the crystal lattice of a salt-type structure; the sum of the atomic volumes 


Surface Tension 
dyne/cm. 
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of the two components is 177, the calculated value for the ions (i.e. sait-type) 
being 106 and for the intermetallic compound 101; the experimental value is 
114. It cannot be deduced from the molar volume whether the compound is 
salt-like or intermetallic.” 

The rubidium-bismuth system contains a number of phases.”* The crystal 
lattices of the Rb,Bi and RbBi, compounds show an intermetallic phase struc- 
ture i.e. a cubic structure; the molar volume of the Rb,Bi compound being 
much less than the sum of the atomic volumes of rubidium and bismuth. The 
sum of the atomic volumes is 180, the calculated value for the ions (i.e. as- 
suming a salt-like structure) is 120 and that for an intermetallic compound 
105. The experimental value is 109. For the compound RbBi, the sum of 
the atomic volumes is 95, the calculated value for the ions (i.e. a salt-like 
structure) being 74 and for an intermetallic compound 67; the experimental 
value is 66°6, intermediate between the two. The greater the difference in 
the electronegativity of the two components in a binary system the greater 
is the contraction of the volumes of the free ions. The electronegativity 
differences plotted against % contraction of the free atoms are greater for the 
cubic structures than tor. the hexagonal structures. 

Klemm?* has recently described the properties of the metalloids and their 
compounds with the alkali metals. Base metals such as the alkali or alka- 
line earth metals form salt-like compounds with the typical non-metals, chlor- 
ides, oxides, etc. Metals form intermetallic compounds with each other. 
The purpose of Klemm’s research was to study the effect of adding to a base 
metal another element. which is varied gradually from a typical noh-metal 
through a metalloid to a metal. It appears to be unimportant for the proper- 
ties of these compounds whether they appear in a more salt-like or a more 
alloy-like structure. The crystallographic structure is primarily determined 
by the proportions of the compounds, their size and polarisability. The 
absolute values of the electronegativity and electronegativity differences are 
apparently more important in deciding the properties of the compound. The 
elements used with lithium, sodium, potassium, rubidium, and caesium to 
illustrate his points are silicon, germanium, carbon, tin, lead, phosphorus, 
arsenic, antimony and bismuth. 
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SECTION LXVI 
RUBIDIUM HYDRIDE 
By N.M. HOPKIN 


Rubidium hydride is prepared’ by heating rubidium carbonate with mag- 
nesium in the presence of hydrogen. The reaction with magnesium takes 
place at 260°C. and the rubidium vapour combines with the hydrogen at 620— 
680°C.; after 49hr. nearly 90% of the rubidium is converted into the hydride. 
Rubidium deuteride”* can be prepared by reducing deuterium oxide with iron 
and causing the deuterium to react with freshly distilled rubidium. The reac- 
tion with deuterium can take place at 360°C., but it is slower than that with 
hydrogen. The dissociation pressures can be calculated from the equation:- 


log p = (a/T) + b, 
where a and b are —4533°5 and 9¢20 for the hydride, and —2664°0 and 6:07 for 


the ceuteride, respectively. These differences suggest a method for separa- 
ting the two isotopes. Rubidium hydride can also be prepared* by mixing the 
molten metal with finely divided sodium hydride and 0°1 to leOwt.-% of a fatty 
acid containing more than 8 carbon atoms, e.g. stearic, oleic, or palmitic 
acid etc. or one of the metal salts. Hydrogen is introduced and the reaction 
maintained at 200—450°C. A hydrocarbon with more than 8 carbon atoms, e.g., 
tsopropylbenzene, which forms a hydrocarbide with the alkali metal, may 
be used instead of the fatty acid. In this case the vapours of the hydro- 
carbon are introduced into the stream of hydrogen entering the reactor. 
Rubidium hydride has also been prepared’ by distilling finely divided pure 
rubidium into the reaction vessel and allowing it to react with pure hydrogen 
generated in situ by the decomposition of potassium hydride. The rubidium 
reacted below its m.p. at the rate of 0:062 c.c. of combined hydrogen per 
sq. cm. of surface area per hr. at 100°C. The hydride does not dissolve in 
metallic rubidium up to 150°C. Pure hydrides free from metal can be pre- 
pared at 3 atm. and 50°C 

The density® of rubidium hydride has been determined pycnometrically 
and found to be 2°60+0:07. The previous values given by Moissan are too 
low. When hydrogen is taken up by rubidium considerable contraction, 40°7%, 
of the lattice takes place; it is greater in the case of the alkali metals than 
it is with the alkaline earth hydrides. The radius of the H ion is 1¢45 A. 

The latent heat’ of sublimation has been calculated for rubidium hydride 
from spectroscopic and thermochemical data; the following figures are given:- 
the heat of formation of rubidium hydride is 12:0, the latent heat of sublimation 
40°4 and the heat of dissociation 43°8kg.-cal./mole. The figures for caesium 
hydride are similar, but the latent heat of sublimation is slightly lower. 

The calculated dipole moment® of rubidium hydride is 7°73 debyes, and 
the corresponding lattice energy’ is 16lkg.-cal. when Hyleeraas’ value for the 
electron affinity for H~ of 17+ 1kg.-cal. is used. In studying the photochemi- 
cal decomposition’® of alkali hydrides it was found that rubidium hydride 
showed maximal absorption at wave-lengths of 2020 and 2680 A. 

The interatomic K-H distance’* in the rubidium hydride molecule has been 
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calculated accurately from spectroscopic data and Stevenson gives a value 
of 2°368 A. The dissociation pressure of rubidium deuteride’? increases more 
rapidly with increasing temperature than does that of rubidium hydride. The 
dissociation pressure is within +2mm. of mercury up to 220°C., but at 320°C 
it is 6le8mm. of mercury for rubidium deuteride and only 33°8 for rubidium 


hydride. The experimental values for rubidium hydride over the temperature 
range 245¢5°C.—415°5°C. fit the equation:-** 
hye ~2580 11-80 


The heat of formation for rubidium hydride was calculated to be 13,480 
g.-cal. with an error of less than +1°5%. 


Application 


If rubidium is heated with a metal halide above the m.p. of the halide in 
the presence of hydrogen, but below the dissociation temperature of rubidium 
hydride, a-stable solid solution’* of the hydride is formed in the halide. This 
is less hazardous to handle than the free hydride and can be used as a drying 
or a reducing agent. 
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SECTION LXVII 
RUBIDIUM OXIDES AND HYDROXIDE 
By L.F. WILSON 


RUBIDIUM OXIDES 
The following oxides of rubidium are known: 


Rb,O ~ rubidium monoxide. 

Rb,O, — rubidium dioxide or peroxide. 

Rb,O, -— rubidium sesquioxide or peroxide-superoxide. 
RbO, - rubidium superoxide or tetroxide. 


Rubidium monoxide is prepared by controlled oxidation of the metal in 
air or oxygen. The oxidation must be prevented from proceeding past the 
monoxide to the higher oxides;* an excess of rubidium is used and the 
excess metal is distilled off in vacuo. The reaction of rubidium metal with 
mercuric oxide also produces rubidium monoxide. 

The compound is colourless, or very pale yellow, in the cold but be- 
comes deep-yellow when hot. The crystal system is cubic, a = 6-742A., 
and the structure is of the antifluorite type with the rubidium ions occupying 
the positions of the fluorine ions, and the oxygen ions the calcium positions, 
in the fluorite lattice." 

Rubidium dioxide is more correctly named rubidium peroxide since it 
reacts with water to yield hydrogen peroxide. The compound is made by 
controlled oxidation of rubidium metal or the monoxide, either in air or in 
liquid ammonia solution. Rubidium peroxide oxidises readily in air to give 
the superoxide. The reaction Rb,O, +40, = Rb,O, is reversible only within 
certain temperature limits above which association does not take place.’ 
The melting point is 570°C., the dissociation temperature at atmospheric 
pressure is 1011°C. and the heat of formation is 118-1kg.-cal./mole.’ 

Rubidium sesquioxide is prepared as a black solid by controlled oxida- 
tion of rubidium metal in liquid ammonia solution or by oxidation of the 
peroxide at 200°C. and low partial pressures of oxygen.* It is also formed 
by thermal decomposition of the superoxide at high temperature. 

Rubidium sesquioxide melts at 489°C.; the dissociation temperature 
is 838°C., and the heat of formation is 126-0kg.-cal./mole.’ The density 
is 3°53 and the compound crystallises in the cubic system, a = 9°30A.* The 
structure is of the anti-thorium phosphide, Th,P,, type and the space group 
is T§. Twelve oxygen groups are in the 12a positions and the rubidium 
ions occupy the 16c positions. Magnetic susceptibility measurements 
suggest that the true formula is Rb,O, or Rb,(O,),. One oxygen group carries 
a double negative charge and the other two carry single negative charges, 
the rubidium~oxygen distances being 3°54and 2-95A. 

Rubidium sesquioxide and caesium sesquioxide are characterised by 
being very dark in colour whereas sodium and potassium sesquioxides are. 
colourless. The colour of these compounds probably depends on the cry- 
stal structure. The electronic distribution in the crystal lattice has been 
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described in terms of semi-localised orbitals and an explanation of the dark 
colour has been suggested.*’® 

Rubidium superoxide. Superoxide formation occurs most readily with 
the largest and most electropositive metals and rubidium and caesium super- 
oxides are obtained as the final oxidation products of the metals in air. Rub- 
idium superoxide is also prepared by oxidation of the lower oxides in air, 
or by prolonged oxidation of the metal in liquid ammonia solution.’ 

Rubidium superoxide reacts with water to form hydrogen peroxide and 
oxygen. The melting point is 412°C., the dissociation temperature is 1157°C., 
and the heat of formation is 137*G6kg.-cal./mole.*” Thermal decomposition 
to rubidium sesquioxide and oxygen occurs at high temperature.” Rubidium 
superoxide is paramagnetic, the magnetic susceptibility being 42-2 x 1n~* 
and 13-0 x 10° at -183°C. and 25°C. respectively.” The compound crystal- 
lises in the tetragonal system, a = 6-00, c = 7°03A., and the density is 3°06. 
The structure is comparable to that of calcium carbide and demonstrates 
clearly the presence of OF ions. In the structure a face-centred, tetragonal 
lattice of rubidium ions is interpenetrated by a similar face-centred lattice 
of OF ions to form a distorted sodium chloride type lattice. 

Other rubidium oxides. Alkali metal oxides are also formed by the 
spontaneous oxidation of amalgams.® Rubidium amalgam reacts completely 
with oxygen at room temperature in four to seven days to give oxides with 
the composition Rb,O,,,~Rb,O,,,. The rubidium oxides thus formed oxidise 
some of the mercury of the amalgam to mercuric oxide. 

_ The reaction at -30°C. between finely-ground rubidium hydroxide and 
oxygen containing 8—9% of ozone yields a yellow coloured product which 
decomposes in water with evolution of oxygen and also liberates iodine 
from an acidified potassium iodide solution.” The coloured product can 
be extracted with liquid ammonia and evaporation of the solution to dryness 
gives a reddish-brown solid containing 40—67% of rubidium ozonide, RbO,, 
mixed with rubidium hydroxide. The presence of the hydroxide is due to 
its appreciable solubility in liquid ammonia. The ozonide reacts with water 
to give rubidium hydroxide and oxygen, probably according to the equations: 


RbO, +H,O -> Rb” + OH” + OH + O,; 
20H -> H,O + ¥O,. 
At room temperature the ozonide decomposes slowly to rubidium superoxide 


and oxygen. X-Ray diffraction studies show that the crystal structure is 
similar to that of sodium azide, NaN,. | 
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RUBIDIUM HYDROXIDE 


Rubidium hydroxide is commonly prepared by electrolysis of an aqueous 
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solution of rubidium chloride. Two types of cell have been used: those 
in which the anode and cathode are in separate compartments, and those 
similar to the Castner=Kellner design. In the latter the cathode is mercury 
and a rubidium amalgam is formed which is in turn decomposed by water to 
give rubidium hydroxide.*”? Two electrolyses are necessary to produce a 
hydroxide free from chloride, and efficiencies up to 98% conversion of chlor- 
ide to hydroxide have been reported.” If a glass cell is used the hydroxide 
produced contains appreciable amounts of sodium silicate arising from the 
attack on the cell by the alkali. The electrolysis of rubidium chloride in 
a cell consisting of two U-tubes | connected in series is claimed to tests 
rubidium hydroxide of high purity.’ 

The melting point of rubidium hydroxide i is 383°C. and the slendiny of the 
molten hydroxide between 690°C. and 920°C. is represented by the equation 
ga 37 hls "000787. * The limiting conductivity of rubidium hydroxide solu- 
tion is 270*4.° The density, equivalent conductance and viscosity, relative 
to water, of aqueous rubidium hydroxide solutions at 25°C. are given in 
Table 1.7 


TABLE I.- DENSITY, EQUIVALENT CONDUCTANCE AND VISCOSITY OF 
AQUEOUS SOLUTIONS OF RUBIDIUM HYDROXIDE 


Concentration of Equivalent 
RbdOH | Pensity. conductance 
(moles /litre) p 


0-002118 0-9973 
0-002482 | 0°9973 
0°003124 0°9974 
0:004206 0:9975 
0°007394 0-9978 


N-009287 0-9980 
0-011594 0-9982 
0-0918 10058 
—0°1746 | 1-0133 
0°480 | 1°0415 


0-683 | 1°0593 


The viscosity of rubidium hydroxide solutions is less than that of cor- 
responding potassium hydroxide solutions; this accords with the lower 
hydration of the rubidium ion relative to the potassium ion.® The neutral- 
isation of acids by alkalis in aqueous solution can be followed by viscosity 
measurements; with rubidium hydroxide and sulphuric acid a minimum in 
the viscosity occurs at the neutral point.’ 

Measurements of the intensity of resonance radiation emitted by hydrogen— 
air flames contaminated with small quantities of the alkali metal hydroxides 
indicate that the relative stability of the hydroxides decreases in the order 
LiOH, CsOH, RbOH, KOH and:NaOQH.° 

The lattice energy of rubidium hydroxide is 147kg.-cal. /mole.’ The 
compound crystallises in the orthorhombic system with unit cell dimensions 
a= 4°15A., 5 = 4°30A. and c = 12°2A. 10 and has the same structure as 
sodium hydroxide. 

The countercurrent electrophoresis of rubidium hydroxide solution has 
been used for the partial separation of “Rb and *™Rb.* The ratio of the 
mobilities of the two ions is 1:0056, Ata potential of 2300V., and 80°C., 
the "Rb concentration in the cathode compartment increases from 72:2 to73+8% 
in two hundred hours. 


Viscosity, 
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The use of rubidium and caesium hydroxides in alkaline storage batteries 
has been proposed.** The hydroxides are substituted, partially or com- 
pletely, for sodium and potassium hydroxides and more efficient operation 
at low temperatures is claimed. 
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SECTION LXVIII 
RUBIDIUM FLUORIDES 
By L. F. WILSON 


Rubidium fibride RbF, has a melting point of 775°C. and a boiling 
point of 1410°C.* The vapour pressure of the salt between 1163°C. and 
the boiling point is given by the expression 


-40,000 . 
8 Platm.) 4577 + 5-243 


Observed values of the vapour pressure in this temperature range are given 
below. 


LCG eS pian) 


1163 96-9 
1166 98-9 
1197 124-0 
1251 233°6 
1256 233-6 
1345 4990 
by il 502-9 
1356 522°3 
1402 7294 
1404 7294 
1410 7546 


Vapour density measurements for rubidium fluoride indicate that the salt 
exists as individual molecules in the vapour state.” 

The heat of formation of rubidium fluoride is 132:- 8 kg.-cal. /mole.* The 
standard free energy of hy dration is 174kg.-cal./mole,* and the heat of sol- 
vation 186kg.-cal./mole.* From the ultra-violet absorption spectrum of 
rubidium fluoride the dissociation energy is calculated as 125kg.-cal./mole.® 

The solubility of rubidium fluoride, and of rubidium hydrogen fluoride, 
in acetone is negligible.’ The salt dissolves to some extent in bromine 
trifluoride with the formation of RbBrF,.° 

Rubidium fluoride, like the fluorides of caesium and potassium, forms 
complex fluorides with many other metal fluorides. The results of thermal 
analysis and X-ray diffraction studies in systems involving rubidium fluoride 
are given below. 


RbF-KF. Potassium fluoride, m.p. 856°C., and rubidium 
fluoride, m.p. 780°C., form a continuous series 
of solid solutions. No compounds are formed 
in the system.’ 

RbF=MgF,. The compounds RbF,MgF, and 2RbF,MgF,, m.p. 912°C. 
and 792°C. respectively, are formed, and eutectics 
are shown at 37*5mol.% RbF, m.p. 883°C., and 
81mol.% RbF, m.p. 686°C.” (Mixtures containing 
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50-75% of RbF are greenish in colour.’® 
In the ternary system KF-MgF,-RbF, solid solutions 
are formed between any proportions of KF,MeF, 
with RbF,MgF, and of 2KF,MgF, with 2RbF,MeF,.” 
RbF-BaF,. Nocompounds are formed; the system shows a 
eutectic at 35mol.% RbF, m.p. 660°C." 
RbF-BeF,. The compound RbF,BeF,, m.p. 520°C. is formed and 
the system shows a eutectic at 28mol.% RbF, 
m.p. 445°C. 
RbE-YF;. The compound 3RbF,YF,, m.p. 1064°C., is formed 
and a eutectic occurs at 91mol.% RbF, 
Moped 52°C. +5 
RbF-LaF,. The incongruently melting compound RbF,LaF, m.p. 684°C., 
is formed, and a eutectic occurs at 79°5 mol.% 
RbF, m.p. 582°C. 
RbF-ErF,. The compound 3RbF,ErF,, M.-P. 1034°C., is formed and 
there is a eutectic at 732°C.’ 
RbF-PrF,. The compound 3RbF,PrF,, m.p. 797°C., is formed.** 
RbF-SmF,. The compound 3RbF,SmF,, m.p. 916°C. is formed and a 
eutectic is shown at 700°C.** 
RbF-ThF,. The compounds 3RbF,ThF,, RbF,ThF, and RbF,3ThF, m.p. 
974°C., 852°C. and 1004°C. respectively, are formed. 
Eutectics occur at 85, 63, 56 and 20mol.% of RbF, 
m.p. 664°C., 762°C., 848°C. and 1000°C. respectively.*® 
The ternary system KF~ThF,~RbFshows an uninterrupted 
series of solid solutions between the potassium 
complex fluorides and the corresponding rubidium 
compounds. 


Dergunov**’** has noted that the tendency to form complex fluorides 
of the type 3MF,M’°’F, where M’ is an alkali metal and M’’’a trivalent metal, 
falls with increasing radius of the trivalent metal ion and the thermal stability 
increases with increasing radius of the alkali metal ion. 

Complex fluorides of the type RbM’“F,, where M” represents calcium, 
magnesium or zinc, are formed by the reaction of rubidium fluoride with the 
oxides of the divalent metals at temperatures between 500°C. and 800°C.*® 
The reaction between rubidium fluoride and strontium oxide yields a mixture 
of rubidium oxide and strontium fluoride. The double fluorides may also 
be synthesised from the component fluorides. X-Ray powder diffraction 
studies show that their structures are all modifications of the perovskite 
structure. RbCaF, crystallises in the cubic system, a = 8°69A.; RbZnF, 
is tetragonal, a = 8:69, c = 7-30A.; and RbMgF, is monoclinic,a = b=c= 
8°17 A. and B = 98°30’. 

Rubidium fluoride also forms complex compounds with other rubidium 
salts. The compounds that have been characterised are: 


RbF,Rb,CO,.'7  RbF,Rb,MoO,."* 
RbF,Rb,SO,..”. RbF,Rb,WO,."* 
ROE RbIGrO}. °° *RDESRbe 11,0.” 


A study of the system RbF-MoO, shows that the congruently melting com-_ 
pound Rb,MoO,F, is formed.’* The compound crystallises in the cubic 
system and hydrolyses rapidly to form Rb,MoO,F. 

Rubidium fluoride forms a well-defined double compound with osmium 
tetroxide, OsO,,2RbF.** The compound is unstable and rapidly dissociates 
into rubidium fluoride and osmium tetroxide. 

Reaction of fluorine gas with rubidium chloride, as with potassium and 
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caesium chlorides, produces compounds that contain active fluorine. These 
compounds have been called 'perfluorides', and for rubidium and caesium 
a limiting formula of MF, is reached.”*°** Passage of fluorine gas, free 
from hydrogen fluoride, over rubidium chloride at 140°—220°C. gives a per- 
fluoride with a composition approaching RbF,. During the reaction the 
weight of the rubidium chloride first decreases to a minimum and then in- 
creases. If the product is allowed to cool at the minimum weight no further 
addition of fluorine occurs on heating. The primary reaction is probably 
the formation of rubidium fluoride, in an unstable form, which can either 
transform to the stable fluoride or combine with more fiuorine to give the 
perfluoride. The reaction of fluorine with mixtures of alkali halides gives 
rise to compounds such as KF,,RbF,,. 

The perfluorides are white, anhydrous powders. They liberate fluorine 
with moist air or acids. Reaction with water gives oxygen and with ammonia 
gives nitrogen. Iodine is liberated from potassium iodide solution. Anhyd- 
rous nickel chloride reacts with rubidium perfluoride to give the compound 
Ni,RbF,. A perfluoride with the composition RbF, is optically isotropic. 
The same compound has a magnetic susceptibility of -14 x 10% and -11 x 
10° at 20°C. and -183°C. respectively. A perfluoride of composition RbF,,,, 
loses fluorine when heated to 265°C.*!??? ae 


Acid Fluorides of Rubidium 


The simple acid fluoride, rubidium hydrogen fluoride or "bifluoride", RbF,- 
HF, can be prepared by the action of a slight excess of aqueous hydrofluoric 
acid on rubidium carbonate.”* (If glass apparatus is used a small quantity 
of poorly-soluble rubidium fluorosilicate, Rb,SiF,, is also formed.**) The 
solution is concentrated and on cooling sets to a hard white mass of rubidium 
hydrogen fluoride. The saturation vapour pressure of hydrogen fluoride 
above the salt is low, but thermal decomposition into rubidium fluoride and 
hydrogen fluoride takes place below red heat. The melting point is 204—5°C. 
and the salt is not hygroscopic.** The infra-red absorption and reflection 
spectra of potassium hydrogen fluoride and rubidium hydrogen fluoride are 
similar and the two compounds are isomorphous.” 

The hyper-acid fluoride, RbF,2HF, is prepared by dissolving the simple 
acid fluoride in 36—40% aqueous hydrofluoric acid and evaporating the solu- 
tion at room temperature in a desiccator.”* The melting point is 51°6°C. and 
even in the fused state at 60°C. the rate of loss of hydrogen fluoride is 
slow; at 100—110°C. the loss of hydrogen fluoride is appreciable. The 
salt is a colourless crystalline compound, deliquescent and easily soluble 
in water. : 

The higher acid fluorides RbF,3HF and RbF,3°5HF have also been 
described.*° RbF,3HF is made by dissolving the hyper-acid fluoride in 
anhydrous hydrogen fluoride and cooling the solution in a solid carbon di- 
oxide~acetone cooling bath. RbF,3HF separates from hydrogen fluoride— 
rubidium fluoride solutions in which the hydrogen fluoride content is in the 
range 35—40%.- 

RbF,3°SHF separates from mixtures of rubidium and hydrogen fluorides 
Containing approximately 45% of hydrogen fluoride. The salt forms hard, 
clear, granular crystals and the melting point is between 34°C. and 40°C. 
The vapour pressure of hydrogen fluoride just above the melting point is 
fairly low and it is possible to maintain the compound in a liquid state tor 
some time without appreciable loss of hydrogen fluoride. Some evidence 
exists for the formation of a higher acid fluoride, RbF,4*SHF; however it 
decomposes very easily into RbF,3-SHF and hydrogen fluoride. 
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The acid fluorides of rubidium all dissolve readily in water to give 
strongly acid solutions which attack glass. They resemble the corresponding 


potassium salts in thermal stability and in general behaviour. 
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SECTION LXIXx 
RUBIDIUM CHLORIDE 
By L. PRATT 


The small quantities of rubidium and caesium found in carnallite can be 
obtained by precipitating them as the silicomolybdates. The precipitate is 
heated in a stream of hydrogen chloride to leave the mixed chlorides.»? Ru- 
bidium chloride can also be partly concentrated from carnallite by fractional 
crystallization,* and it is extracted from plant ash* by precipitation as the 
perchlorate from a hydrochloric acid solution of the ash, the perchlorate being 
subsequently converted to the chloride by heating. The chloride is also 
produced by passing hydrogen chloride into a slurry of a solid rubidium salt 
in its saturated solution.° 

Mixtures of rubidium and caesium chlorides can be separated by fractional 
precipitation from ethanol solution by hydrogen chloride; the caesium chloride 
remains in solution and can be precipitated as the silicomolybdate or as the 
double salt with antimony trichloride.*”® The chlorides can also be separated 
by sublimation, since caesium chloride is much more volatile than rubidium 
chloride in a vacuum at 440°C.’ 

Since these two chlorides are more soluble in the presence of hydrochloric 
acid than is sodium chloride, it is possible to separate either of them from a 
much greater amount of sodium chloride by dissolving the mixture in strong 
aqueous hydrochloric acid, and saturating the solution with hydrogen chloride. 
This precipitates most of the sodium chloride, and the rest of it can be re- 
moved almost completely by redissolving the impure rubidium or caesium salt 
in ethanolic hydrogen chloride and again saturating with hydrogen chloride.*® 
The same method cannot be used to separate rubidium and potassium chlorides 
because these two salts form mixed crystals (see page 2202). Fujiwara’ has 
discussed the theory of this type of selective crystallization. 

Barrer and Sammon’? showed that rubidium can be separated completely 
from sodium and potassium, as chloride, by means of silver analcite, an ion 
sieve reagent. The same process will separate rubidium and caesium if 
methanol or ethanol is used as the solvent. Kayas** achieved a complete 
separation of these four alkali metals by selective adsorption on a column of 
Amberlite IR100 cation exchange resin, the ions being eluted with hydro- 
chloric acid. Cabell and Smales’? obtained a more rapid separation of potas- 
Sium, rubidium and caesium as chlorides by means of a column of Zeocarb 
315 cation exchange resin, one metre long. The cations were eluted with 
hydrochloric acid solutions of strengths 0-1 M., 0¢5M. and 1°0M. respectively. 
A much better separation of alkali metal cations was found by Smit,** who 
used a very short column of ammonium phosphomolybdate. The advantage of 
uSing inorganic solids as cation exchange agents in the separation of alkali 
metals was emphasised by Amphlett et al.'* who also found a good separation 
of the ions on zirconium phosphate, eluted with ammonium nitrate and nitric 
acid solutions. Small quantities of alkali cations can be separated by paper 
chromatography.**"° 

A pure sample of rubidium chloride can be made’’ by passing chlorine into 
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an aqueous solution of the bromide. The bromine is boiled off and the chlor- 
ide crystallized out and dried for four days in a vacuum at a temperature 
which is slowly raised to 350°C. The salt is melted in a vacuum and cooled 
so as to solidify from the outside, the central core being discarded. 

The amount of rubidium in the chloride can be estimated by flame photo- 
metry,’* by arc emission spectroscopy” or by other spectrochemical methods.”° 
Small amounts (0°01 mg. to 0°01 y) of rubidium and caesium in minerals can be 
determined by neutron activation analysis.**” 


Crystalline Rubidium chloride. 

Single crystals can be prepared from the molten salt. Crystals grow 
from aqueous solutions more quickly when small amounts of other ions are 
present.** The melting pointhas been given as 715°C.,?5 722°C.*5 and 726°C.,?” 
but the latest value, 722+2°C.,’” is probably to be preferred. The heat of 
fusion is 4°8kg.-cal./mole*® and values of the free energy of formation over 
the range 25-100°C. have been given.”” The heat of formation of the lattice 
was calculated to be 162-Okg.-cal./mole by Huggins,*° a value equal to that 
calculated by using the Born cycle.** 

The density at 25°C. is 2°803 g./c.c.** The coefficient of compressibility 
6°52 x 10°cm.”?/kg. compares with a calculated value of 5°82 x 10°.** Bridg- 
man** found that the decrease in volume under a pressure of 50,000kg./cm.? 
was 0°2768 at room temperature (~ 25°C.) and 0°2714 at —78°C. This de- 
crease is not entirely due to compression of the lattice, since a transition 
occurs between 4000 and 5000kg./cm.?. X-Ray diffraction studies of ru- 
bidium chloride under pressure***® show that at 7500kg./cm.” the crystal 
structure is of the caesium chloride type, which for large cations is denser 
than the sodium chloride type shown by rubidium chloride under normal pres- 
sures. 

The length a of the side of the unit cell cube in the normal structure has 
been given as 6°571A.°*’ and also as 6°591 A.,** the latter being extrapolated 
from values of the dimension of the unit cell i in mixtures of rubidium chloride 
and bromide. The most reliable value is probably that given by Wyckoff,*® 
a= 658104. at 27°C. 

A layer of rubidium chloride, deposited on the surface of a crystal of 
thallous chloride at -190°C., again has a caesium chloride structure, with a = 
30742 A. and density = 3°807g./c.c.*° On warming to 20°C., a transition 
occurs to another form of rubidium chloride having the seetiinn chloride lat- 
tice, although the value of a (6°53 A.) and the density (2°79 g./c.c.) are not 
the same as in the normal lattice. Rubidium chloride also forms oriented 
overgrowths on bismuth** and on potassium chloride and lead sulphide,** but 
it does not readily do so on sodium chloride.*? 

The root mean square amplitudes of vibration of both Rb*t and CI™ ions 
in the lattice at 290°K. were calculated to be 0°26 A.**** from X-ray measure- 
ments.*° These vibrations have also been treated theoretically.***”’ The 
X-ray absorption spectra of rubidium in rubidium chloride*® have been inter- 
preted*®°° in terms of the presence of exciton levels in the lattice. 

The chlorine K-valence spectrum (3p-ls transition) has been observed 
in the second order at a wave-length of about 9 A.*? 

The refractive index of a prism of rubidium chloride has been measured 
directly over the range 2000 to 6000 A.,°? and Radhakrishnan®* has given the 
following formula for the refractive index: 


n? = 104752 + [0°55511 A? (A? — 0°019044)| + 
ee eee 


The refractive index at 25°C. has also been given as nj} = 1¢4937.** In the 
infra-red, rubidium chloride shows a residual ray een ence a maximum of 


22,23 
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reflecting power), at-74p, close to the value calculated theoretically.**° The 
calculated value of 47 for the wave-length of maximum transmission®* is 
also close to the observed value.*® At temperatures near the melting point, 
the maximum emissive power occurs at a wave-length of 4°8p, with two sec- 
ondary maxima at 3°G6y and 2°6y.°” The nuclear magnetic resonance absorp- 
tion of the °’Rb isotope in the solid lattice is centred at a magnetic field 
which is 87 p-p-m. lower than the value found for the saturated aqueous solu- 
tion of the salt.°* This shift of the resonance is said to indicate the pres- 
ence of partial covalent bonding in the solid. The diamagnetic suscepti- 
bility of the solid is -46°4 x 10°c.g.s. units/mole,® the contributions of the 
Rbt and Cl~ ions being —22 x 10° and —24°2 x 10° respectively. 

The dielectric constant is 4995e.s.u.”* although the value 4°68 has been 
given for a wave-length of 1800 metres at 18°C.°° Skavani®’ has made a 
theoretical calculation of the dielectric constant. The dielectric strength, 
found” to be 0°-8mvV./cm., has been interpreted theoretically® in terms of the 
lattice constants and ionic radii. Calculations also Suggest that electric 
breakdown in the solid corresponds to a dissociation into ions™ and that the 
dielectric strength should depend on the mechanical strength of the crystal. sf 
The work of polarisation required to remove two adjacent ions (Rb* C17) from 
the lattice has been calculated as ~le2e.v./mole,® and that required to re- 
move one ion as 4°53e.V./mole for Cl~ and 4°27 e.V./mole for Rb+.”” 

Kewzien® studied the transmission, through a thin layer of rubidium 
chloride, of electrons with kinetic energies in the range 0-12e.V. The 
crystal was transparent to electrons with energies below le.V., but those of 
increasingly higher energies were scattered more and transmitted less and 
less, except for two energy regions of selective transmission. Measurements 
of the conductivity between —180°C. and the melting point showed that the 
current obeys Ohm’s law.°’ Earlier studies of the photoelectric effect’® 
were extended by Pohl’! who found that between —230 and 20°C. the tempera- 
ture coefficient of the conductivity was positive and of the same order of | 
magnitude as in metals. 

In common with the other alkali halides, imperfections can be produced i in 
the rubidium chloride lattice, either by the addition of one constituent in 
excess or of a foreign substance,’ ? or by irradiation with high energy radiation 
such as ultra-violet light’* or X-rays.’* Certain imperfections such as lattice 
vacancies give rise to new absorbtion bands, having wave-length maxima 
related to the lattice dimensions.°”’»’® Rubidium chloride which has been 
irradiated by X-rays has an anomalous dielectric constant at low (~1000 
c.p.s.) frequencies.’” A review of the theory of one type of imperfection in 
alkali halides, the colour centres, is given by Gourary and Adrian’® and there 
is another recent review of colour centres in alkali halides by Simons and 
Doyle. 


Molten Rubidium chloride. 

Earlier measurements by Klemm of the conductivity®® and density™ of 
molten alkali halides have been extended by Yaffe and van Artsdalen.'’ They 
give the formula p = 2°8799 — 8-832 x 10%t for the density (g./c.c.) of the 
liquid over the temperature range 722° to 925°C. The standard deviation for 
the density values is 0°0002. For the specific conductance in ohms. 'cm. 
over the range 730° to 935°C. they give the formula K = —1°809, + 0°00617,t¢ — 
2-198, x 10°%t?. The standard deviation for K is 0°002. For the conduction 
process, the heat of activation increases from ~4°7kg.-cal./mole at 725°C 
to “403 kg.-cal. /mole at 925°C. At 825°C., they calculate the corresponding 
entropy of activation to be ~6:2e.V. An earlier value for the entropy of 
activation of ionic migration in the melt was 2°830kg.-cal./mole.* The 
surface tension of molten rubidium chloride was found to be 83 and 66 dynes/ 
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cm. at 900 and 1100°C. respectively,** and 96 dynes/cm. at 750°C." 


Gaseous rubidium chloride. 

Rubidium chloride is said to be appreciably volatile at about 600—700°C.** 
At 600°C. in a stream of water vapour (6 litres/hr.) it loses weight at a rate 
of about 0°27% per hr.; the residue and condensate are both unchanged chlor- 
ide. It is less volatile in air or in hydrogen chloride. At 800°C. in air it 
is less volatile than caesium chloride,®** and in a vacuum at 440°C. the dif- 
ference is sufficient to allow the chlorides to be separated by sublima- 
tion. 

The heat of sublimation is given as 46°4kg.-cal./mole at ~600°C. by 
Treadwell and Wemer,*’ 50°9+ 0°9kg.-cal. at O°C. by Niwa®® and 513+ 2kg.- 
cal. at 0°K. by Mayer and Wintner.*? The latter authors give the formula 
AH(vap.T) = 4°5738A — 3RT for the heat of vaporisation at temperature 
T°K., where A = 11676 for the crystal (giving the heat of sublimation) and A = 
10307 for the molten salt above 988°K., (giving the heat of evaporation). 
Reis”® calculates theoretically that the heat of sublimation is 50kg.-cal./mole. 

For the change of vapour pressure with temperature, Ireadweli and Werner”’ 
give 


logicP(mm. Hg)= “HO, 208 + 9°643 


and Mayer and Wintner™ give 


log.oP(mm. Hg) = SS ey OE 
T wa 


where A has the values given above and C = 11°157 for the crystal and 9:772 
for the liquid; in both cases the temperature is in °K. 

By means of mass spectroscopic analysis, Jonov’ found dimeric mole- 
cules in alkali halide vapour. Miller and Kusch” studied the velocity dis- 
tribution of alkali halide molecules escaping from a hole in a hot oven and 
found that rubidium chloride vapour consists of dimers and monomers in the 
ratio 0°088/1. They found also that the energy of dissociation of a dimer 
into two monomers is 48°lkg.-cal./mole. Rice and Klemperer®* were unable 
to detect any infra-red absorption lines from dimers in the vapour, indicating 
that dimers were present, if at all, to the extent of less than 15%. They 
later suggested” that the maximum proportion of dimers was considerably 
smaller than 15%, since the value for the entropy (and other thermodynamic 
functions) of gaseous rubidium chloride, calculated on the assumption of a 
100% monomeric vapour, agrees fairly well with the-experimental value. More 
recently, Berkowitz and Chupka’® extended Ionov’s work, and following his 
technique of mass spectroscopy to analyse the ions produced by electron 
impact on the vapour, found that dimers were present in the ratio 0°127/1 
relative to monomers, in agreement with Miller and Kusch. 

Srivata’® studied the thermal dissociation of rubidium chloride vapour at 
1350—1550°C. and calculated 114°7kg.-cal./mole for the heat of dissociation 
into the separate ions in the vapour phase. Mayer and Wintner®’ had calcula- 
ted 109-4kg.-cal. at O°K. for the energy of this same dissociation, and 160+7 
kp.-cal./mole at OK. for the energy of the process: RbCl (cryst.) — Rbt 
(gas) + Cl~ (gas). They also caiculated the energies (kg.-cal./mole at 
0°K.) for the processes: RbCl (cryst.) — RbCl (gas), = 51°3; RbCl (cryst) > 
Rb (gas) + Cl (gas), = 152°8; and RbCl (gas) — Rb (gas) + Cl (gas) = 101°5. 

The values calculated by Rice and Klemperer for some thermodynamic 
functions of rubidium chloride in the gas phase™ are shown in Table I. 

Their calculated value for the entropy at 298-16%. is ie 852 g.-cal. 
deg.*mol."?, compared with the experimental value of 58:9 + 2. Some of 
their values may be slightly in error since they assumed the Roe to be 
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TABLE I.- THERMODYNAMIC FUNCTIONS FOR GASEOUS RUBIDIUM CHLORIDE 


Function Temperature, ° 
29816 [ 400 | 600 | 800 1000 | 1250 | 1500 | 2000 | 


26062 |27271 | 28983 | 30°225 | 31-200 | 32° 186 | 32°995 | 34-290 


300123 |31¢434 | 33¢ 262 | 340572 | 35593 | 36622 | 37-464 | 38809 


4¢280 | 4348] 4393 | 4436) 4468 | 4519 


monomeric. Some of the earlier calculated values of the thermodynamic 
quantities®»°*°” may also contain more serious errors, since the calculation of 
the entropy involves the internuclear distance and the fundamental vibration 
frequency of the rubidium chloride molecule in the gas, and the earlier values 
of 2°89 A. for the distance and 253 cm.” for the frequency have now been super- 
seded. Rice and Klemperer find the frequency to be 228+6cm.",”* and Trishka 
and Braunstein find the distance to be rz = 2°78760+.0°00006 A.°® The earlier 
determination of the distance, was,.made’’. by electron diffraction on the vapour 
and the error may have arisen through failure to allow for the presence of 
dimers.’°° 

Rittner'™ calculated a value of 10:07 debye for the dipole moment of 
gaseous rubidium chloride, and Altshuller’™ calculated the difference between 
the moments of Rb*Cl and Rb?’Cl to be 1le1 x 10% debye. 

Ionov’°**™ used the mass spectrometer to study the formation of negative 
ions when alkali halides are ionised at a heated tungsten surface, and from 
the results for rubidium and potassium chloride, he derived the value 3°7e.V. 
for the electron affinity of chlorine. He also found’*»’™ that a low pressure 
discharge in the vapour produces the negative ions Cl-, Cl,— Rb , RbCl” and 
RbCl,~ together with the positive ions Rb’, RbCI* and Rb,Cl*. The amounts 
of Rb-, Cl,- and RbCI™ are similar and ane 1% of the amount of Cl-.*® 
Like other iat halides, rubidium chloride introduced into flames produces 
ions'*® which under some conditions seem to be mainly Rbt,*” the Cl7 being 
removed as HCl. Mandelsh’tam*’® calculated the degree of dissociation of 
rubidium chloride in flames at ~2000°C.; in some types of flame the salt 
is 85% dissociated into ions. 


Aqueous solutions of rubidium chloride 


The integral heat of solution of rubidium chloride at 18°C. is 4°235kg.- 
cal./mole in water and 4°835kg.-cal./mole in deuterium oxide.'!’ The total 
heat of hydration of the salt has been calculated as 153kg.-cal./mole,*? 
and the sum of the standard free energies of the ions as 146°6kg.-cal. /mole.?! 
The effective radii of the Rbt and Cl™ ions in solution are estimated as l- c 
and 2°37 .A..respectively.‘4* The minimum hydration of the Rbt ion in solu- © 
tions is found to be 4H,O from measurements of the dielectric properties at 
microwave frequencies; ,115 the hydration has also been estimated from measure- — 
ments of vapour pressure’’® and ultrasonic absorption.’*” Gehlen and Dieter’*® 
calculated that the solubility should increase from 46°2% by weight at 25°C. 
under normal pressure to 60°8% under 10,000atm. The surface tensions of 
solutions containing 2:00, 3-30 and 5- -00moles/kg. of solvent are 75-2, 76-8 
and 79-2dynes/cm. respectively. “ 

The diffusion rate is 0°542, 0°549, 0°637 and 0°761 in 4N, 2N, 0°5N, and 
Oe1 N_ solutions respectively.” The differential diffusion coefficient at 
25°C. is found by conductometric methods to vary from 2°012 x 10°cm.*sec.* 
in 0°00176M. solutions to 1°969 x 10° in 0c°01110M. solutions,*?° the limiting 
value at infinite dilution being 2°057 x 10°. From these measurements the 
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mean ionic activity coefficients in dilute solutions were determined;**4 some 
values at 25°C, are 0-975, 0-966, 0-951, 0-928 and 0-901 for concentrations of 
0-5, 1, 2, 5 and 10millimoles/litre.**? For higher concentrations, the values 
in Table II have been given for 25°C. by Robinson and Stokes.’° 


TABLE II.- MEAN IONIC ACTIVITY COEFFICIENTS OF RUBIDIUM CHLORIDE 
IN AQUEOUS SOLUTION AT 25°C. 


mean ionic mean ionic mean ionic 
activity coeff. | molality | activity coeff. | molality | activity coeff. 
yt yt yt 


These values are in close agreement with those given by Harned and Owen,’™* 
who also tabulate other thermodynamic properties of the aqueous solution. 
The activity coefficient of the water in these solutions has been calcula- 
ted.*?° 

The refractivity’?° and the Faraday effect}?%'?* in the solutions have 
been studied, and the dielectric properties measured at microwave frequen- 
cies.** From these measurements the static dielectric constants for 0°5, 
1, 1°5 and 2N. solutions at 25°C. are found to be 73:°5, 68°5, 63°5 and 58:5 
respectively. The dielectric constant can be expressed as € = €, + 20c 
where €, is the dielectric constant for water (=78:5 at 25°C.), ¢ is the con- 
centration in moles/litre, and 6 = —5 for RbCl. The contribution to 26 from 
Rbt is —7+1 and that from Cl™ is -3+1. : 

The equivalent conductivity of the solutions of concentrations 0°5, 1, 
1e5 and 2N are given’’® as 125°5, 114°7, 107°5 and 104°Sohm’*cm.? respec- 
tively. The conductivity can be calculated satisfactorily by theory for solu- 
tions up to 1N.’7° The equivalent conductivity passes through a maximum 
with increasing pressure,'*® an effect which indicates that there must be an 
appreciable change in the (effective) diameter of the ions at high pressures. 
Electrolysis of the solutions between platinum electrodes gives rubidium 
chlorate which precipitates out, in contrast to other alkali metals the chlor- 
ates of which stay in solution and are oxidised further to perchlorates:’* 
after passing 150 amp. hours at 60°C., 998% of the chloride in a rubidium 
solution was converted to chlorate. 


126 


Non-aqueous solutions of rubidium chloride 


In concentrated hydrochloric acid the solubility of rubidium chloride is‘ 
1°56moles/litre at 20°C. The equivalent conductivity in liquid hydrogen 
cyanide at 18°C. is given by the equation A = 363°2 —195\/c where c is the 
concentration in moles/litre.'*? The mobilities of the Rbt and Cl™ ions 
under these conditions are 153°2 and 210, respectively, greater than the cor- 
responding values of 67 and 65 in water at the same temperature. The solu- 
bility in liquid ammonia at 25°C. is 0°22+0°03g. of the salt in 100g.*** In 
liquid sulphur dioxide, the solubility is 0°0272 moles/1000g. of solvent at 
0°C.*** and 0°402 g./100g. solution at 25+ 0°02°C.'** In this solvent, rubid- 
ium chloride is an effective catalyst for the exchange of sulphur between the 
solvent and thionyl chloride’** or thionyl bromide.**® The solubility in an- 
hydrous phosphorus oxychloride at 20°C. is 1°26g./litre, the specific con- 
ductivity of the saturated solution being 1°1 x 10*ohm*cm.”*.'*’ The conduc- 
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tivity has also been measured in solutions in fused antimony trichloride,*** 
where the mobility of the Rbt ion is only 22°5,**’ In iodine monochloride, 
rubidium chloride acts as a base.’*° Cryroscopic*! and electrochemical**? 
studies indicate that when the salt dissolves with aluminium tribromide in 
aromatic solvents, a 1:1 complex is formed, (AlBr,Cl)Rb = (AIBr,Cl)-Rb*. 
In benzene solution, the dipole moment of RbC1,Al,Br, was found to be 105 
debye.'**"** Electrolysis of acetic acid solutions’** gives rubidium acetate. 
The solubility of rubidium chloride in ethanol at 20°C. is 0°0023 moles/litre:° 
in methanol at 18°C., the solubility (L'*) is 1:30g./100g. solvent, corres- 
ponding to a concentration in moles/litre of c** = 8°50 x 107; the density 
(d'*) of the saturated solution is 0°800g./c.c. The corresponding values 
for methanol at 25°C. are L?5 = 1°34, c?® = 8e71 x 10? and d*® = 0°797.*** In 
acetonitrile; L'® = 3°4 x 10°, ct® = 202 x 10%, d*® = 0783; and L?* = 36x10", 
c?> = 203 x 10%, d** = 00777. In formic acid the solubility is much greater; 
L*® = 60°2, c!® = 5001, d'® = 10611 and L*® = 56:9, c*® = 4°66, d*® = 1553. In 
acetonitrile,’*’ rubidium chloride will undergo a reversible one-electron polaro- 
graphic reduction. The salt is practically insoluble in acetone.'** From 
measurements of the depression of the freezing point in formamide,’*’ the 
activity coefficients in this solvent are found to be 0°929, 0°883 and 0°854 
at concentrations 0°02, 0:1 and 0°4m. respectively. 


Mixed crystals and double salts of rubidium chloride 


(a) Systems with other rubidium salts. 

The critical solution temperature of solid solutions of rubidium chloride 
and rubidium bromide has been estimated as 173°2°K.'S° Values of the unit 
cell dimension a for mixtures of rubidium chloride and bromide containing 
0, 16, 34, 50, 78 and 100% of rubidium bromide are found by X-ray diffraction 
to be 6°591, 6°630, 6°691, 6°736, 6°827 and 6°895 A. respectively.** The heat 
of formation of this solid solution has been calculated theoretically.*** A 
study of the system RbCI-RbBr-H,O shows that the mixed crystals can be 
prepared from aqueous solutions.**? The system RbCI-RbF has a eutectic 
at 545°C. with 53 mole-% of rubidium chloride.*** The phase diagram for the 
system RbCI-RbNO, shows the existence of two complexes, one containing 
10°4mole-% RbNO;, at 340°C., the other containing 24mole-% RbNOs, at 
394°C.*** The system RbCI-RbVO, shows a simple eutectic.’** 


(b) Systems with potassium chloride. 

Rubidium and potassium chlorides form a continuous range of solid solu- 
tions without a minimum or maximum in the melting point.?7°°° A rough 
phase diagram for the molten salts is given by Tamman and Krings.**’ The 
melting points of the solid solutions containing 0, 0°2, 0°4 and 0°6 mole-% 
of rubidium chloride are given as approximately 781, 745, 727 and 718°C. 
respectively. These results indicate that the melting points of mixtures 
rich in chloride are not very different from the melting point of the pure salt, 
but the value of ~713°C. given for the pure salt is rather low (see page 2197). 
The solid solutions can also be prepared by crystallisation from aqueous 
solution.'**'5° When prepared from aqueous solutions, the proportion of ru- 
bidium in the solid is always less than that in solution, as was shown by 
Tamman and Krings**’ and in particular by d’Ans and Busch'!*® who give the | 
data shown in Table III. Although there is some evidence’®’ that mixed 
crystals grown from solution may not be homogeneous, Hovi'*’ found by X- 
ray diffraction studies that very homogeneous mixed crystals could be pro- 
duced by crystallization under controlled conditions. The mixed crystals 
can also be obtained by saturating with hydrogen chloride an ethanolic solu- 
tion of the two salts.**° The average error involved in analysing mixtures © 
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TABLE III.- COMPOSITION OF SOLID SOLUTIONS OF RUBIDIUM AND POTASSIUM 
CHLORIDES FORMED BY CRYSTALLISATION FROM AQUEOUS SOLUTION 

In 1000 moles H,O Mole-% RbCl 


| 


in the range 36-46 mole-% KCI is said to be 02 mole-%.'* The heat of for- 
mation of the 50% solid solution was found to be 203 g.-cal./mole.’® Several 
calculations of the heat of formation have been made.'°*!* Fineman’® shows 
that a simple equation, originally derived for liquid solutions by Hildebrand, 
gives a theoretical value (277 g.-cal./mole) which is in better agreement with 
the experimental value than are values calculated on the basis of the Born- 
Mayer theory by Wallace’®® or the older Born theory by Tobolsky.’®’ Heats of 
solution of crystals grown from aqueous solution were found to be about 1 to 
4% greater than for crystals of the same composition grown from the melt;**’ 
for the 50% solution the values were 48 and 46 g.-cal./g. respectively. The 
free energy of formation has been calculated, and so has a value of —70°C. 
for the critical solution temperature.’ 

An X-ray study of the 50% solid solution showed that the mean square dis- 
placement of the chloride ion is about 2 x 10**8cm.?. This valueis consider- 
ably greater than the corresponding displacement in the pure component salts, 
indicating permanent displacements from regular lattice points.*° 

The dielectric strength of the solid solution increases with the melting 
point but passes through a maximum with the mixture melting at 750°C.’ 
A theoretical treatment of the dielectric breakdown has been given,’ and 
refractive indices of the mixed crystals have been determined.*”* The mixed 
crystals show only one maximum in the reflected infra-red radiation,’’? whose 
wave-length lies between the Amax, of the pure salts and varies linearly 
with concentration. The presence of lattice defects'”* or small amounts of 
substances such as hydrogen ions'” or thallous chloride’” gives rise to new 
absorption bands or phosphorescence spectra,”* similar to those of defect 
lattices of the single components. 


(c) Systems with other chlorides of the types MCI and MCl,. 

Rubidium chloride and lithium chloride form a double salt with an in- 
congruent melting point,?> and the system AgCl-RbCl shows a eutectic.’”® 
Thermosensitive resistance elements can be made’”’ using eutectic mixtures 
having compositions as follows where 7, is the optimum temperature for each 
particular mixture:- RbCl 40% + CuCl 60%, T, = 150°C.; RbCl 36% + AgCl 
64%, T, = 270°C.; RbCl 80% + LiCl 20% (T, = 290°C.). 

With magnesium chloride, the compounds RbMgCl, and Rb,MgCl, are for- 
med;'”® with strontium chloride?* the phase RbC1,SrCl, has a congruent mel- 
ting point at 674°C. and RbC1,2SrCl,, a congruent melting point at 646°C. 
The only mixed phase formed with BaCl, is 2RbCl,BaCl,, with a congruent 
melting point at 649°C.,”* also reported as at 650°C.*** With calcium chlor- 
ide there are two eutectics, at 17 mole-% RbCl (696°C.) and 78 mole-% RbCl 
(630°C.), and a compound RbCaCl, is formed with a melting point of 930°C.*” 
Chu and Egan,’®° who reproduce the phase diagram for this system, have re- 
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cently used these datato calculate the free energy of mixing and other thermo- 
dynamic properties for the RbCl-CaCl, system. For the system with cad- 
mium chloride, Hofman?’ found the mixed phases 4RbC1,CdCl, (incongruent 
melting point at 476°C.), 3RbCl,2CdCl, (incongruent melting point at 451°C.) 
and RbC1,CdCl, (congruent melting point at 495°C.); whereas Dergunov’™ 
found only the compounds RbCdCl, (m.p. 500°C.) and Rb,CdCl, (m.p. 448°C.). 
With manganese chloride’®? two compounds are fomed: RbCl »MnCl,, m.p. 
552°C., and 2RbCI1,MnCl,, m.p. 466°C. There are three eutectics at. 460°, 

454° and 436°C. corresponding respectively to 31, 67 and 71 mole-% of ru- 
bidium chloride. 


(d) More complex systems with other chlorides. 

The ternary systems RbCI-LiCI-KCl and RbCI-KCI-CsCl** and also 
RbCl-CsCl-CdCl,*** have been studied. The system RbCI-NaCl-CaCl,’** 
has two eutectics, one with a melting point of 500°C. and composition 2:5, 
45 and 52°5% respectively; the other with a melting point of 505°C. and 
composition 56°0, 32°8 and 112%. In the system RbCI-LiCI-H,O the double 
salts RbCI1,2LiCl,4H,O and 3RbCI1,LiC1,2H,O are found at both 25°C. and 
40°C.18185 The system KCI-RbCI-MgCl, He O has been studied at 25°C. 15818 
and at 100°C.;'*” and RbCI-KCI-NH,CI-H, 0 at 25° G2"" 


(e) Systems with other halides. 

The unit cell dimensions and the molecular weights are almost equal 
for rubidium chloride and potassium bromide, and they form solid solutions 
very easily. X-Ray'®® and refractive index’*® studies show that when any 
mixture of the two salts is melted, one solid solution is formed which con- 
tains all the ions in the original mixture. Rubidium chloride diffuses slowly 
into a crystal of potassium bromide when the two are heated together at 400- 
600°C.*** Meissner and Pick'*? have measured the absorption bands of the 
F-centres in imperfect lattices of this solid solution of various compositions. 

There is one simple . eutectic in the system RbCl-AgI,’® but there are 
three in RbCl-NaNO,.?” Other systems which have been measured are RbCl- 
BaF,,'** RbCl-Na,SO, and RbCI1-K,SO,?™ and [Mg, Ca, Co]SO,-[Na, K, RbICI.**° 
A eal amount of rubidium chloride lowers the temperature of miscibility of 
other salt systems.'**'°? Diogenov’s classification of reciprocal salt sys- 
tems’** includes some of those mentioned above. In boric oxide glasses, 
rubidium chloride forms colloidal solutions.'°»? 


Miscellaneous reactions 


If rubidium chloride is irradiated in an atomic pile, some of the chloride 
nuclei are converted to radioactive *°S, and 50% of this active sulphur can be 
separated as H3°S by extraction with hydrochloric acid containing a little 
hydrogen sulphide as carrier. The separation from radioactive rubidium is 
very effective. The advantage of using rubidium rather than potassium 
chloride is that with the latter it is not so easy to get a good o6 pare ttpe of 
the active sulphur.?” 

Rubidium chloride and lithium hydride?” react to give rubidium metal and 
hydrogen. The hydrolysis by water vapour to give hydrogen chloride and the 
hydroxide is said to be more effective with the molten salt than with the sol- 
id;?°* but it has also been suggested®»®* that the chloride can sublime un- 
changed in a stream of water vapour at 600°C. An unstable compound is 
formed with vanadium tetrachloride.?“ Rubidium chloride is completely con- 
verted to the borate on heating for ten minutes .at 400°C. with eight parts of 
boric acid.” 

Rubidium chloride inhibits the combustion of gaseous hydrocarbons, 
probably owing to a recombination of hydrogen atoms and hydroxyl radicals 
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on the crystal surfaces.7°%?"” The streaming potentials of dilute solutions 


on the salt have been studied,?” and so have its effects on the electrical 
double layer at a mercury surface” and on the potentials across protoplasm 
in cells.2*° The diffusion coefficient in gelatin gels is given as 1°13 x 10° 
c.g.s. units.”' The salt is more effective than potassium chloride inco- 
agulating sols of arsenic trisulphide****** or of graphitic oxide.*** Measure- 
ments are given of the effects of rubidium chloride, and other alkali halides, 
on the surface absorption?** and spreading pressure?’® of colloidal electro- 
lytes on water surfaces, on the cataphoretic activity of glass beads,”*” and 
on the adhesion of solid particles.”** Rubidium chloride can partly replace 
potassium chloride in the binding”®® or activation?”® of certain enzymes. 
Comparative studies of rubidium chloride and other alkali halides have also 
been made in several biological systems, for example, with respect to their 
concentration in blood?*»?*? and their effects on sugar exchange,?** on the 
fragility of human red cells,?% on the activity of auxin,?** on diuresis?”® and 
oxaluria,?”” and also regarding their toxicity to the central nervous system?”® 
and their effects on the growth of bacteria.?7%7°%5! 
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SECTION LXX 
RUBIDIUM BROMIDE 
By N.R.W. BENWELL 


Physical Properties 


X-Ray study of the crystal structure of compounds formed by equal num- 
bers of each of two oppositely charged ions which are cubic according to the 
theory of Lewis, Born and Landé, and Langmuir shows that rubidium bromide 
is an elementary simple cube of side 3-465A.* X-Ray measurements by other 
workers give the length of the side of the unit cube of rubidium bromide as 
6-868 A., the effect of small amounts of isomorphous impurities (<1%) on the 
length of the side being negligible.* Application of the Thomas~Fermi 
method gives (when polarization forces are neglected) a value of 3-8A. for 
the lattice constant (experimental ~ 3-42A.)*° Consideration of the lattice 
energy of rubidium bromide shows that the NaCl structure leads to the most 
stable configuration. * The electrically measured ionic emission through an 
orifice in an equilibrium chamber containing rubidium bromide vapour, com- 
bined with known thermal data, gives a lattice energy of 151-3kg.-cal. at 
O°K., the probable error being 3kg.-cal. This value is in good agreement 
with that derived from lattice theory.° 

Molar refraction and ion distance determinations for alkali metal halides 
having a noble gas shell such as rubidium bromide lead to ion radii and 
polarizability values in good agreement with values determined in other ways 
and thus indicate that univalent ions of the same shell structure do not deform © 
themselves in suchlattices. The ratio of the radii in such lattices is always 
approximately 0-73. From ion radius, ion refraction and polarizability data 
are in good agreement with similar values calculated theoretically or em- 
pirically. For rubidium bromide, ion distance = 3-439A., molar refraction = 
16-5cm.* (15-8); ion radii = 1-46A. for Rb*, 1:98A. for Br~ (1-49, 1-96; 
1-48, 1-95); ion polarizability, = 1-31A. * for Rbt, 5-19A.° for Br~ (1-47, 4: 22). 
Figures in brackets are theoretically and empirically determined values.* 

The root mean square amplitude of atomic vibration of rubidium bromide 
at 293°K. = 0-29 (Lonsdale).’ The frequencies and anharmonicities of the 
lattice oscillations of rubidium bromide, t.e. the oscillations of the inter- 
penetrating lattice of the rubidium and bromine ions with respect to one 
another, have been calculated on the basis of the Born model. The calculated 
value of the frequency of lattice oscillation, 2-6 x 10°’, is in exact agreement 
with the observed value (Krishnan and Roy). The anharmonicity of the 
lattice oscillation, unlike its frequency, varies with the direction of the 
oscillation from a large positive value along [111] to a small negative value 
along [100].° 

The intensity of orbital interaction of salts with ions of elements of 
atomic number one above or below the rare gases (i.e. with 6p electrons) is 
calculated from the equation T = F,/N where T = m.p.(K.); N’ = number of 
orbital contacts. For rubidium bromide, where N = 12, F, = 273.° 

A new region of anomalous electrical response is observed at low fee 
quencies in ionic crystals of a number of univalent halides including rubidium 
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bromide. The effect is attributed to a jumping of the positive ions to vacant 
lattice sites under the influence of the applied field. This jumping is ob- 
served as a relaxation process producing a change in the dielectric constant 
which is small and frequently within the limits of error of measurement, and 
an associated peak in the dielectric-loss tangent which is readily measurable. 
From the magnitude of the peak (tan Ox.) and its position on the frequency 
or temperature scales, is calculated the number of lattice defects in the 
crystal and the activation energy for diffusion, U, of the positive ion. A 
knowledge of U leads to separation of the activation energy for conduction, 
) + U into its components and thus, W, the activation energy for hole form- 
ation is determined. For rubidium bromide at 57°C. and a frequency of 10° 
cycles/sec., U = 0-58e.V., z + U = 2-03e.V. and W = 2-9e.V. The time 
constant for the natural frequency of lattice vibration’® = 0-38sec. x 10**. 

Microscopic observation of the crystal growth of rubidium bromide on 
grease-free potassium chloride, rock salt and Joplin galena shows that the 
crystals are, oriented on potassium chloride and galena but not on rock salt. 
Ease of orientation appears to depend on the dissymmetry as measured by 
the ratio of anion to cation radius.** When grown from solution on oriented 
silver films, rubidium bromide has the CsCl-type structure with a lattice 
constant of 4:06A. When grown in vacuo from the vapour, rubidium bromide 
has its normal NaCl-type structure with a [111] fibre orientation. When this 
film is dissolved by exposure to moist air and recrystallised by drying, the 
rubidium bromide assumes the CsCl structure oriented with the crystallo- 
graphic axes parallel to those of the silver.*? 

Large single crystals of rubidium bromide have been grown by raising a 
seed crystal from a melt which is maintained slightly above the melting 
point of the salt.** Colouration can be produced in rubidium bromide crystals 
by several hours’ exposure to “intense X-rays." The colour fades logarith- 
mically with exposure to daylight and fading is also induced by radiation 
from electric light.** 

Measurements of the specific heats, Cp and Cy, of rubidium bromide by 
vacuum calorimeter show a rise of specific heat at constant pressure from 
0-31 at 10:5°%. to 6-24 at 272-7°K. and for the specific heat at constant vol- 
ume from 1-52 at 22-2°K. to 5-94 at 176%. In this temperature range the 
characteristic Debye temperature, 6, varies between 120 and 135, thus devia- 
ting from the prediction of the Debye theory that 6 is constant.” 

The electrical conductivity of rubidium bromide at its meiting point, 
681°C., is 3-5 x 10° amp. volt.“"cm.* Ohm’s law is generally valid, but the 
conductance depends on temperature, in agreement with van’t Hoff’s equa- 
tion. 

The following details of compressibility of rubidium bromide have been 
determined by Bridgman’s method: (1) Compressibility at 30°C., 7-94 x 107°; 
(2) Compressibility at absolute zero by extrapolation, 6-5 x 10°*; (3) Change 
of compressibility with pressure, independent of temperature between 30°C. 
and 75°C., 35 x 10°**. As would be expected, the change of compressibility 
with temperature is related to the thermal expansion in such a way that an 
increase in temperature and decrease in pressure have the same effect on 
both volume and compressibility.*’ 

A further expression for compressibility is given by Szigeti: 

wiped Re €+2 2 

K 3blnt + 278 
where K = compressibility; w, = absorption frequency; R = nearest neighbour 
distance; v = volume occupied by an ion pair; ¢ = dielectric constant; 7 = 
optical refractive index; m = reduced mass of the ion pair. The following 
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values have been obtained** for the equation applied to rubidium bromide: 


Type NaCl 

R. (10°cm.) 3-42 
Rae (10°cm.) 4-88 

eF a 

io 2°33 
Mos (10‘dynes/cm.) 1-9 
Keale. ic 10°°cm.*/kg.) 6-84 
Kobs. 7:78 
Ke/ x, 0-83 


The cubic compressibility of rubidium bromide is given as 8-2 per megabar 
x 10° as derived from the semi-empirical formula B = kVm/U where B = 
compressibility; k = empirical constant; Vm = molecular volume; U = mole- 
cular heat of formation of the salt. This equation is considered more accurate 
than that derived by Born from consideration of the Bohr theory of atomic 
structure.’ The compressions of rubidium bromide under 50,000kg./sq.cm. 
at room temperature and at the temperature of solid carbon dioxide are 0-2848 
and 0-2774 respectively. A transition occurs at 4,050—5,000kg./sq.cm.”° 
Consideration of the anharmonic properties of a linear chain suggests 
that the dimensionless quantity ay7 is in general a measure of the anharmon- 
icity of a lattice (a is the thermal expansion coefficient and y is the Griineisen 
parameter). Experimental evidence in the case of rubidium bromide and 
other alkali metal halides supports the supposition that the mean free path 
for lattice vibrations of a thermal insulator should, in the classical temp- 
erature region, be approximately A,/ay7T where Ag is the lattice spacing.” 
Recent calculations of the dielectric constant of rubidium bromide by 
various methods differing in the evaluation of the ionic polarizability have 
given values in satisfactory agreement with experimental data. The evalu- 
ation is based on the calculation of an elastic force coefficient, k, between 
opposed ions as the second derivative of the repulsion energy, from formulae 
of this type: k = 1-16(n - 1)q?/r3 where n = exponent of the repulsion energy 
law; gq = charge of the ion; r, = nearest distance in the lattice.” 
In investigating the mechanical stresses in dielectrics in electrical 
breakdown, if the breakdown potential of rubidium bromide is plotted as a 


function of the pressure developed in the dielectric crystal through the ap- 


plication of the electric field just before the breakdown, it has been found 
that with pressure increasing in a definite order the breakdown potential 
increases at first rapidly and then more slowly. This indicates that the 
weakening of the mechanical strength due to the high stress results in 
a lowering of breakdown potential. On the other hand, the stress increases 
with increasing lattice energy. A practical inference is that increased 
mechanical strength should result in an increased dielectric strength.** In 
further considering the electric breakdown of solid dielectrics, the same 
author assumed that breakdown takes place when energy accumulated by the 
electrons and transferred to the rubidium bromide lattice is sufficient to 
break the bond between the lattice points, but experimental data did not bear 
this out, indicating more nearly a linear relation between field strength and 
lattice energy and a dissociation of the lattice into ions and not into neutral 


atoms. The decrease of the time interval between electron collisions, with — 


increasing electric field strength, holds only at sufficiently: high field 
strengths, possibly when the kinetic energy of the electrons becomes com- 
parable with the vibration energy of the lattice points.** The dielectric 
constant of rubidium bromide, expressed in terms of the close packing of the 
lattice and of the valence bond, is in good agreement with experimental data. 
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When the dielectric strengths of rubidium halides are plotted with respect 
to heats of formation of the solid and gaseous states, straight lines of positive 
slope are obtained.** The value of the dielectric strength of rubidium bromide 
is given*® as 0-6m.V./cm, 

Measurements of the density of molten rubidium bromide at several temp- 
eratures have shown that Mendelyeev’s equation for the thermal expansion 
of “ordinary liquids" also holds for molten salts.?” The degree of thermal 
dissociation of gaseous molecules of rubidium bromide at 2000°C. calculated™® 
by an approximate equation for the equilibrium constant Kp, with values of 
the heat of formation taken from the literature, is 4 x 10°%. 

The heat of vaporisation of rubidium bromide has been determined” from 
the expression: A = -1-985 x 2-303 x [dlogP/d(1/T)] to be 39,970g.-cal. 
The same author gives the boiling point as 1340°C. by calculation or extra- 
polation of vapour pressure data, and a critical temperature = 2500°K. Greater 
accuracy is claimed for these results than for those calculated by the Ramsay- 
Young tule. The vapour pressure curves of the alkali bromides at temp- 
eratures between the boiling point and 200—300°C. below the boiling point of 
the salt lie closer than those of the fluorides but are more widely spaced 
than those of the iodides.*° For gaseous rubidium bromide, interatomic dis- 
tance = 3-04A , fundamental frequency = 210cm.”* and entropy (S79g.1) = 60-1 
g.-cal./degree, the uncertainty being + 0-3e.V." Investigation of the thermal 
dissociation of rubidium bromide vapour into ions in the temperature region 
1350—1550°C. has given a value of 106-9kg.-cal. for the heat of dissociation. *” 
Using Knudsen’s molecular effusion method, the vapour pressure of rubidium 
bromide was found to increase in the temperature range 856°—-911°K. from 8-0 
to 44-4 x 10 *mm. and an average value of AH (vapour) at 900°K. was found 
to be 47-4 + 2-Okg.-cal. AH (vapour) at O°K. = 51-2 + 2-3kg.-cal. For the 
crystal, fundamental frequency = 125-6cm.™* and entropy (900°K.) = 39-9 + 1-4 
g.-cal./degree. For the gas, fundamental frequency = 198cm., * entropy 
(900°K.) = 72-2 + 0-5g.-cal./degree and interatomic distance = 3-06 x 10°°cm. 
In the equation: log,Pmm. = ~A/T - 3log,{7T/1000) + C for RbBr (crystal), 
A = 11514, C = 11-156; for RbBr (liquid), A = 10224, C = 9-805. Melting 
point = 955°K. Energies, in kg.-cal. at O%., of the reactions are: RbBrerys- 
tal Re, RbBr gas = 51-2; RbBr crystal ~~ Rb gas + Btgas = 153-5; RbBr gas 
—> Rbgas + Brgas = 102-3; RbBrecrystal. > RbDgas + Brgas = 141-6; RbBr 
gas — RDgas +t Brgas = 90-4.*° 

Using the latest data on dispersion and absorption, a formula of the 
Drude form has been developed** for rubidium bromide: n? = 1-4500 +[0-2000 
A?/(A? — 0-015129)] + [0-3651A7/(A* - 0-022650)] + [0-3224A7/(A* - 0-033124)]. 

The magnetic susceptibility of rubidium bromide, the sum of the atomic 
numbers of whose constituents differs by unity from that of krypton (Rb 37, 
Bre 35, Kr 36) has been measured** and from the results has been deduced, by 
interpolation, the magnetic susceptibility of krypton. For rubidium bromide, 
susceptibility K = -62-9 x 10°° and on the assumptions that the constituent 
elements are in the ionic condition and that susceptibility is proportional to 
the square of the atomic number, for rubidium, K = -29-9 x 10 ° and for bromine, 
K = -33.0 x 10.°° | 

When the permanent electric moment of rubidium bromide in which. the 
ions have a rare gas structure is calculated by Debye’s formula, the results 
differ from experimental values, the difference being ascribed to deformation 
of the external electron shells. The moment varies regularly with the number 
of electrons in the molecule.**® 

Magnetic resonance shifts in the alkali metal halides have been deter- 
mined, based on the work of Ramsay who has shown that chemical shifts 
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result from precessional motions induced by the applied magnetic field in 
the electrons surrounding the nucleus. This precessional motion produces 
a small local field at the nucleus in opposition to the applied field and this 
local field will vary from molecule to molecule as a result of the variations in 
electronic structure. 100% ionic compounds have no chemical shifts and so 
the shielding change observed for rubidium bromide indicates that there is 
some covalent character in the crystalline bond. The chemical shift of the 
*"Rb magnetic resonance: Ao = (H, - H,)/H, x 104 where H, and H, are the 
magnetic fields necessary for resonance at a fixed frequency for the sample 
and reference respectively, is -1-29 for rubidium bromide, the reference being 
a saturated solution of rubidium chloride. The magnetic shielding of the 
alkali metals decreases from the fluoride to the iodide, while the ion in solu- 
tion has the largest shielding of all. The smaller shifts of rubidium support 
the observation that the Sahat bel: shifts decrease with decreasing nuclear 
charge.*” 

The formation of negative ions in the process of surface ionization has 
been investigated** by directing a molecular beam of rubidium bromide against 
a heated tungsten filament. The ions are drawn off by means of an electric 
field and separated from electrons by means of a magnetic field. The nega- 
tive current thus produced increases markedly with increasing temperature 
of the filament. A thermodynamic treatment, analogous to that followed in 
the deduction of Langmuir’s equation,is applied to calculate the probability 
of a bromine atom evaporating from the filament as a negative ion and estab- 
lishes a value for the electron affinity of bromine atoms of 3-64e.V. 

Investigation of the heat effect, Q, of the exchange reaction between 
sodium thiocyanate and rubidium bromide (uni-univalent salts), when calculated 
as the algebraic sum of the four lattice energies, shows a discrepancy,*® 
possibly due to an incorrect heat of formation for RbCNS of 56kg.-cal. (sug- 
gested, 50-4kg.-cal.). The equation for the reaction AX + BY — AY + BX: 
Q=512(a+x+b+y)\(a- byy - x)/(a + x)(b + y)(a + y)(b + x) where a, b, x 
and y are the ionic radii of At, B*, X7~ and Y™ respectively, gives good 
agreement with experimental data for other exchange reactions involving 
univalent ions. he the reaction NaCNS + RbBr, Q (calculated) = 0-16, 
(experimental) = 

The migration ae ions through crystals has been studied in the reactions 
of macrocrystals of potassium bromide and potassium chloride with fine 
powders of very pure rubidium chloride and rubidium bromide at 400-600°C. 
These show that all four species of ions are formed and that the rate of pene- 
tration increases with temperature. *° 

In the refractive index study of the solid solutions formed by the system 
RbCl + KBr = RbBr + KCl, for some areas of the composition diagram, the 
results of X-ray diffraction analysis expected for a single ternary solid solu- 
tion and for a co-existing pair of binary solutions cannot be distinguished 
from each other. In these areas, the refractive indices calculated for the 
two interpretations of the X-ray measurements differ considerably and thus 
indicate the correct interpretation. All observations are in accord with the 
view that one solid solution is formed which contains all of the four ion 
species for each mixture.** Ricci** believes the interpretation of the re- 
fractive index measurements to be inconsistent and some of the conclusions 
to be incorrect. 

Table I** gives data for the systems RbBr-RbCl and RbBr-KBr at 25°C. 
according to Durham and Hawkins. 

For the solid solution RbBr-RbCl, Durham and co-workers“ give a lattice 
constant range of 6-5946 to 6-8900 for the composition range RbBr 3-78, RbCl 
93-1, K(Br,Cl) 3-09mole% to RbBr 95-3, RbCl 0, K(Br,Cl) 3-18mole% at 
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TABLE I.- DATA FOR THE SYSTEMS RbBr-RbCl AND RbBr-KBr AT 25°C. 
RbBr-RdDCl 


Mole fraction | Lattice Heat of Total energy Ratio mean Mole frac- 
RbBr (N.) mixing of displace- | ionic activity | tion RbBr 
(AH’g.-cal./mole)| ment per coeff. (mole (liquid) 
ion pair fraction units) Exptl. 
| (g.-cal./mole) 


3+3108 
33416 
3+3722 
34018 
34304 


3°3146 
3°3442 
3°3735 
3°4019 
3°4298 


temperatures varying between 28-3°C. and 26-1°C. and for the solid solution 
RbBr-KBr, a lattice constant range of 6-6284 to 6:8936 for a composition 
range RbBr 10 to 98-0; KBr 1:79, CsBr 0°21 mole%. 

In the system RbBr-—AgBr, the variation of e.m.f. with mole fraction of 


silver bromide and temperature for the cell Ag(s), AgBr(l), RbBr(l) Br,(g) is 
as shown in Table II. 


TABLE II.- ELECTROMOTIVE FORCE IN THE SYSTEM RbBr-AgBr. 


Mole fraction AgBr 


456—565 
463—618 
469-617 


*7989— 7680 | 
°8215—-7811 
*8478—-8112 
489-618 °8723—8429 
519—622 -9001—-8788 


The densities of the solutions are calculated from the formula d; = 4-470 - 
0-00123¢ and for a 0-5mol. fraction of rubidium bromide in siiver bromide, 
vary from 3-838 at 514°C. to 3-702 at 624°C. The author has also calculated 
entropy of formation, entropy change upon dilution or partial molal entropy, 
free energy of formation, free energy of dilution or partial molal free energy, 
heat of formation and heat of dilution, when silver bromide is diluted with 
rubidium bromide.** 

In determining che refractive index of molten AgBr-RbBr solutions the 
molar refractivities of these solutions were found to be an additive function 
of the mole fraction.*® Table III gives values found to determine the molar 
refractivity at infinite wave-length for various AgBr-RbBr solutions at 650°C. 
No strong new absorption bands were found as in aqueous solutions of AgBr- 
-RbBr and so it is concluded that no "complex ions" exist in the melts. The 
absorption coefficient at 5850 A. is 1cm.* in a silver bromide melt containing 
13% of rubidium bromide. Density calculations were made using the formula: 
dy = 3-458 - 11 x 10°%t. 

Investigation of the phase diagrams of silver halides combined with the 
corresponding alkali halides has shown‘” chat with the chlorides, lithium and 
sodium form solid solutions, potassium and rubidium form eutectics and 
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TABLE III.- MOLAR REFRACTIVITY IN THE SYSTEM RbBr-AgBr. 


Mole fraction AgBr | n,, - i VC.c; ee 
Noo + 2 | Molar vol. of melt | Molar refractivity at infinite 
0 3 ; 


60: 16°13 
0-173 55°94 16-28 
0-301 52°46 16°34 
52°23 16-26 


47°33 16°8 (extrapolated) 


Noo = refractive index at infinite wave-length,(n_, — 1)/(n,, + 2) 
being a linear function of temperature. 


caesium forms a peritectic; with the bromides lithium and sodium form solid 
solutions, potassium forms a eutectic and rubidium and caesium peritectics, 
and with the iodides only lithium forms a solid solution, sodium a eutectic 
and potassium, rubidium and caesium peritectics. This regularity is cor- 
roborated by experimental data in other systems such as RbBr-PbBr, and the 
change from one type of diagram to another is explained by the formation of 
complexes. 

The free energy of formation of the binary solution RbCl=-RbBr has been 
calculated from Wasastjerna’s theory. The author lists entropies of formation, 
4th. approximations of heats of formation and free energy values for increments 
of 0-1 mol. fraction of RbCl in RbBr and estimates the critical solution temp- 
erature to be 173-2°K. Fig. 1 shows the tree energy-composition curves of 
the system at the four temperatures investigated.** In the systems RbCI-RbBr, 
KBr=-RbBr in which the difference between the interionic equilibrium distances 
of the components, AR, is equal to or less than that in the case of NaCl- 
NaBr, the theoretical heat of formation data corresponding to the equilibrium 
at 50°C. are closely proportional to the expression (AR)?/R}, where R, is the 
interionic distance of the solid solution.*® | 

The free energy, F, of hydration of ions has been calculated by the semi- 
empirical formula: F = Ne*m(1 - 1/D)/(y + BrA) where N = Avogadro's no., 
e = charge of the electron, m = charge of the ion, y = radius of the ion, D = 
dielectric constant, Br” = distance between the ion and the nearest pole of 
the H,O dipole. Empirically, from the known heats of solution and the lattice © 
energies of sodium chloride and rubidium bromide, B = 0-83 and 0-23 for 
univalent cations and anions respectively. By calculating F, and using 
Latimer’s values for the entropy of hydration, heats of hydration are deter- 
minable.®° The total heat of hydration H* of rubidium bromide has also been 
selected on the basis of measurements of heats of solution at infinite or 
very high dilution, and values of lattice energy U, although the latter term 
involves an uncertainty of thermodynamic definition. The value given for the 
total heat of hydration of rubidium bromide is 145kg.-cal./mole at 25°C. As 
a principle for the separation of H+? into heats of solvation H+ and H™ of the 
individual ions, Mishchenko rejects assumptions made by Bernal, Fowler 
and others of approximately equal H for ions of equal ionic radii, mainly on 
account of the dissymmetry of the location of the dipole moment of the H,O 
molecule which is estimated to be about 0-25A. Heats of solvation for Rbt 
and Br” are given as 74 and 72 kg.-cal./g.-ion respectively. Co-ordination 
numbers, n, (number of water molecules surrounding the ion in the nearest 
solvate envelope) are for Rb*, 8 and for Br~, 8 and are evaluated from the ~ 
known radii of the ions and the radius, ry, of the water molecule. Satis- 
factory values have been obtained with r, = 1-93A. corresponding to liquid 
H,O but not with r,, = 1-38A., the radius of the water molecules inice. The 
values are at considerable variance with those of Bernal, Fowler et al. who 
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FIG.- 1. FREE ENERGY-COMPOSITION CURVES FOR THE 
BINARY SOLUTION RbCI-RbBr. 


attribute n = 4 to all univalent ions on the assumption of a "frozen" hydrate 
envelope. The ratio of the heat of solvation, /, and the co-ordination number, 
n, gives the heats of interaction H, between the ion and one molecule of 
water in the solvate envelope as 92kg.-cal./g.-ion for Rb* and 9-Okg.-cal./ 
g.cion for Br~. These values can be represented as functions of the ionic 
radii in the form: logH,~ = (1:38/r~) + 0°25; logH/,+ = (0-70/r*) + 0-47 and 
(1/H,~) = O-1r7 - 0-085; (1/H,*) = 0-1r+ — 0-035. Simple consideration of 
electrostatic interaction gives, per mol. H,O, an energy of 127-06 x 10°°/ 
(r; + Ty + B)’kg.-cal./g.-ion. (8 = dissymmetry of the location of the dipole 
moment in the water molecule, estimated as 0-25A.). Values calculated with 
this formula are in very fair agreement with experimental values of H, for Rbt 
and Br~, with B = 0-25A. and ry, = 1:93A. The effective radii of water 
molecules in the hydrate envelope of Rbt+ and Br~ have been calculated to be 
1-97A. and 2-05A. respectively, which, being greater than 1-93, indicate an 
expansion of the hydrate envelope.™ 

From standard electrode potentials of bromine and rubidium and from 
relevant standard free energy data, Kanevskii has calculated the standard 
free energy of hydration of the pair of ions Rbt+ and Bro to be 139-7kg.-cal./ 
mol. 


Investigations of the limit of full solvation of rubidium bromide in concen- 
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trations of 4-63 to 2:14moles/1000g. of water have shown that the distance 
between centres of ions in solutions at the limit of full solvation, calculated 
from the density of the solutions, is in good agreement with that found from 
models of the solutions at the limit of full solvation. The exothermic effect 
when ions are brought from zero to full solvation is calculated as +39kg.- 
cal./mole for rubidium bromide.* | 

The integral heats of solution, L220, LH2° of rubidium bromide in D,O 
and H,O are -6:048 and -5- .313kg.-cal. /mol. of salt respectively. The dif. 
ference i in heats of solution (LD,0 - LH,0 = AL), called the “isotopic effect", 
is -0-735kg.-cal. /mole of sale. The ites in “isotopic effect" of two 
similarly charged ions, e.g. Cl~, and Br~, calculated from the corresponding 
values of AL, are independent of the common oppositely charged i ion.” 

The supersaturation limits for rubidium bromide in aqueous solution have 
been calculated from the equation: T, - T = 130Vq/X where J’, = absolute 
saturation temperature, 7 = absolute temperature of 1st spontaneous crystal- 
lisation, o = specific surface energy, Vm = molar volume, \ = heat of solution. 

Experimental values given are: A = 5960, o = 138, oVm = 6979 giving 
T; - T = 15-2°C,, but no great accuracy is claimed for these results. The 
radius of the stable crystal nucleus at the first temperature of spontaneous 
crystallisation is shown to be of the order of 10 °cm. and varies ‘hyperboli- 
cally with the degree of supersaturation.** Attempts have been made to cor- 
relate the solubility of rubidium bromide with the dielectric constant of the 
solvent in the case of water, acetone and a number of alcohols, but because 
of the many factors involved no general rule has been established.** The 
solubility of fubidium bromide in absolute acetone decreases with increasing 
temperature.*” Table IV**® gives the solubilities of rubidium bromide in 
methyl alcohol, acetonitrile and formic acid. 


TABLE IV.- SOLUBILITY OF RUBIDIUM BROMIDE IN ORGANIC SOLVENTS. 


Methyl Alcohol | Acetonitrile 


d S Ss c 
-798 | 1-8 | 46 | 293 
°793 | 1-6 47 | 2-3 


d = density; s = soluvility in g./100g. solvent; c = concentration in moles/litre. 


The solubility of rubidium bromide in liquid sulphur dioxide is 20% at 
25°C. Because of the inverse order of the solubilities of the halides of 
rubidium and caesium and of the other alkali halides in sulphur dioxide and 
liquid ammonia, successive recrystallisations from these solvents can be used 
to separate rubidium and caesium from the other alkali metals.*° The molar 
heat effect of RbBr in NH,.is®® 440 g.-cal./mole. 

The solubility of ethyl acetate in g. per 100g. H,O in 0-397M. rubidium 
bromide solution is 7+41% at 30°C. and 7.13% at 35°C. ann’ in 0-194M. rubidium 
bromide solution is 7:20% at 30°C. and 6+86% at 35°C. The experimental 
activity coefficients in 0:097M. and 0-194M. rubidium bromide solutions 
are 1-039 and 1-070 respectively. 

Table V gives the variations of osmotic and activity coefficients with 
concentrations for aqueous solutions of rubidium bromide. Figures vary 
only ‘slightly from earlier values published by Robinson.” 

The equivalent dispersion of an aqueous solution of rubidium bromide in 
the ultra-violet decreases with increasing salt concentration.©* X-Ray dif- 
fraction patterns of a saturated solution of rubidium bromide show a _ broad 
ring with its position independent of concentration. This ring is ascribed 
mainly to interference between the {Scattering from a heavy ion and chat from 
the surrounding water molecules.°* The scattering of Cu K radiation in 


Refs. p. 2221 


70-1 BROMIDE 2219 


TABLE V.- OSMOTIC AND ACTIVITY COEFFICIENTS FOR AQUEOUS 
SOLUTIONS OF RUBIDIUM BROMIDE. 


Osmotic coefficient | Activity coefficient 


e 


solutions of rubidium bromide at concentrations up to 5-1G6mol./litre is com- 
patible with the assumption of a random distribution of ions in the solution. 
The data indicate that water has a distorted lattice structure in which the 
ions are located. At high concentrations, the scattering of water is repressed 
and the whole structure becomes similar to that of solid rubidium bromide 
containing water.® . 

The dissociation constant of rubidium bromide in aqueous solution cal- 
culated from the conductivity according to the Jablczynski and Wisniewski 
equation for mass action agrees well with the constant calculated from ebul- 
lioscopic data. This equation is preferred to that of Kohlrausch, which is 
claimed to give inconstant values, and to that of Debye and Htiickel since it 
gives very satisfactory agreement up to concentrations of 3N. while the 
equation of Debye and Hiickel does not apply above 0-01N.°° 

The maximum specific conductivity of the system RbBr-AlBr, in ethyl 
bromide at 18°C. is 2-37 (reciprocal ohms x 10°) corresponding to a concen- 
tration of rubidium bromide = 0°861% by weight. On the basis of this and 
other data it is concluded that the conductivity of an ethyl bromide solution 
of aluminium bromide increases with increasing concentration of a bromide 
of a metal in the first group of the Periodic Table, and decreases with dilu- 
tion, rubidium bromide being less effective thanthe bromides of silver, lithium, 
‘copper or potassium. Electrolysis of the system AIBr,-RbBr-EtBr deposits 
aluminium at the cathode. The decomposition voltage of rubidium bromide 
is 1-66v.8’ The specific conductivity of the system AlBr,-RbBr in benzene 
and toluene also increases with addition of bromides of metals in Group I 
of the Periodic Table. Electrolysis of the systems produces aluminium at 
the cathode, but if the electrolysis is carried out in nitrobenzene the alkali 
metal is deposited. It is postulated that the electric conductance depends 
on the solute and the solvent, the two substances forming a conducting pair. 
Polymerization and complex formation are said to influence the solubility of 
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the electrolytes. 

When rubidium bromide is electrolysed in acetic anhydride, deposition at 
the anode does not apparently occur in accordance with Faraday’s Law, for 
while the theoretical quantity of hydrogen is obtained, the yields of rubidium 
and bromine are low. The variation is ascribed to a secondary reaction of 
the primary product with the solvent.°® Electrolysis of rubidium bromide in 
anhydrous acetic acid using a silver anode gives a quantitative yield of silver 
bromide.’ 

The addition of rubidium bromide at 0°C. strongly catalyzes the sulphur 
exchange between thionyl bromide and sulphur dioxide. The catalysis is 


, 


homogeneous, with exchange rates apparently of first order as to catalyst — 


concentration and zero order as to thionyl bromide concentration. The value 
of & for rubidium bromide in the expression: rate = k X catalyst concentration 
is comparable with that for caesium chloride, rubidium chloride and cetra- 
methylammonium bromide, approximately 6 x 10°°/min. at 0°C. The reaction 
is interpreted as involving basic catalysis by halide ions.” 

Study of the conditions favourable for the formation of solid solutions has 
shown that precipitates may be contaminated by substances of similar elec- 
tronic arrangement which constitute a source of error in the precipitation 
operations of analytical chemistry. Investigation of silver bromide precipi- 
tated in presence of rubidium bromide has shown that in the short time that 
normally elapses between the formation of the precipitate and its removal by 
fileration there is not usually any appreciable quantity of solid solution formed 
from which the water soluble constituent cannot be removed by washing; if, 
however, the precipitate is allowed to remain indefinitely in the mother liquor 
serious errors may arise owing to the formation of a solid solution.’* Measure- 
ment of the adsorotion of rubidium bromide at 25°C. by lead sulphide precipi- 
tated from a 0-01M. solution saturated with lead sulphide and lead sulphate, 


indicates that the amount adsorbed does not depend on the ability of the | 


adsorbed compound to fit the space lattice of the adsorbent, or on the ability 


of lead sulphide to orient the crystallisation of the salt. The amount adsorbed ~ 


increases as the mole fraction solubility of the salt in water decreases. The 
order of increasing adsorption of the alkali halides is LiBr<NaBr<NH,Br< 
RbBr<Cs Br<K Br.” 

Examination of the absorption and accumulation of rubidium bromide by 
living plant cells (potato discs) has shown that in the first phase, rubidium 
is rapidly taken up, unaccompanied by bromine. The second phase occupies 
a long period during which both rubidium and bromide are absorbed in equiv- 
alent amounts.” 

In the ternary system magnesium bromide=rubidium bromide-water at 25°C., 
no compounds or solid solutions are formed, and the isotherm consists of a 
very extended rubidium bromide branch and a much shorter magnesium bromide 
hexahydrate branch. Rubidium bromide is almost completely salted out by 
the magnesium bromide saturated solution which contains only traces of rub- 
idium bromide in equilibrium with rubidium bromide and magnesium bromide 
hexahydrate. Addition of magnesium bromide to solutions of rubidium bromide 
decreases sharply the solubility of the latter. The solubility of rubidium 
bromide in water is given’® as 53+35% at 25°C, 

In the systems rubidium bromide-rubidium chloride-water and rubidium 
bromide-potassium bromide-water, both ternary systems show formation of 
type II solid solutions, according to Roozeboom's classification.”© Fig. 2 
shows the distribution of rubidium bromide between aqueous and solid solu- 
tions for the two systems. 

The solubility in water of rubidium bromide(52-9% at 25°C.) i is reported as 
appreciably lower than that given by Seidell (53-7%). Janecke”’ has studied 
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FIG, 2.- DISTRIBUTION EETWEEN AQUEOUS AND SOLID SOLUTION AT 25°C. 
II RbBr (A) — RbCl; III RbBr (A) - KBr. 


_the changes of the composition of the solid phases and the mother liquors, 
and the complete or partial formation of solid solutions of salts in saturated 
solutions in the system (K, Rb) (Cl, Br)-H,O at 25°C. 


Chemical Properties 


A double salt, RbBr,MgSO,, of the type KCI,MgSO,, has been obtained. 
The electrical conductivity of the fused kainite system has a sharp minimum 
at the molar ratio 1:1, thus indicating a decrease in the number of ions. i.e. 
_ persistence of the complex ions characteristic of kainite even in the fused 
state. The electrolytic dissociation is probably RbBr,MgSO, = Rbt + [BrMg- 
SO,].. The formation of the salt is thus contingent on the relative attractions 
of Rbt and Mg**t for Br and is determined iby. the generalized moment y = Z/r 
where Z = charge and r = radius of the ion. 


RUBIDIUM POLYBROMIDES AND BROMOHALIDES 


Pressure measurements at various temperatures indicate’? a reaction 
between rubidium bromide and bromine and the existence of rubidium tribromide 
which decomposes in the range 35°C. to 78°C. 

A solution of rubidium bromide in iodine bromide shows high conductivity 
and studies by conductimetric titration indicate,®° in the presence of stannic 
bromide, the reaction: 2RbIBr, + SnBr, = Rb,SnBr, + 2IBr. 
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SECTION LXXI 
RUBIDIUM IODIDE 
By N.R.W. BENWELL 


Physical Properties 


The following physical properties of the rubidium iodide crystal have 
been calculated from a statistical atomic model made without any empirical 
or semi-empirical parameters: lattice constant, 3-69 x 10°cm.; compres- 
sibility, 8-45 x 10 **sq.cm./dyne, infra-red wave-length, 124 x 10°*cm.; ten- 
sile strength, 1-52 x 10'*°dynes/sq.cm.? 

The cubic compressibility of rubidium iodide is 9-3 x 10°° per megabar as 
derived from the semi-empirical formula B = kVm/U where B = compressibility; 
k = empirical constant; V» = molecular volume; U = molecular heat of form- 
ation of the salt. This equation is considerably more accurate than that of 
Born derived from consideration of the Bohr theory of atomic structure.* The 
compressibilities of rubidium iodide under 50,000kg./sq.cm. at room tempera- 
ture and at che temperature of solid carbon dioxide are 0-3009 and 0-2921 
respectively. A transition occurs® at 4050—5000kg./sq.cm. The following 
details of the compressibility of rubidium iodide have been determined by 
Bridgman’s method: (1) compressibility at 30°C.:- 9:58 x 10°**; (2) compres- 
sibility at absolute zero by extrapolation:- 7-6 x 10**; (3) change of compres- 
sibility with pressure independent of temp. between 30°C, and 75°C. 43-0 x 
10 *? and (4) average change of compressibility with temperature between 
30°C. and 75°C. 6-8 x 10. As would be expected, the change of compres- 
sibility with temperature is related to the thermal expansion in such a way 
that an increase in temperature and decrease in pressure have the same effect 
on both volume and compressibility.* Rubidium iodide at 4500kg./sq.cm. 
and room temperature is body centred cubic, with a lattice constant of 4-33A. 
The volume change from the face-centred lattice, which is stable below 4000 
atm., is* 9-037c.c./g. A further expression for compressibility is given by 
Szigeti:® | 

LR baker a? 2 

KAS ues e eae 
where @, = absorption frequency; R = nearest neighbour distance; K = com- 
pressibility; v = volume occupied by an ion pair; ¢ = dielectric constant; 
n = optical refractive index; m = reduced mass of the ion pair. The following 
values have been obtained for the equation applied to rubidium iodide: 


Type R Raa em mart Kcale. >) 0b8...0G/e 
(10t, cme)" 610 ccm) (10*dynes/cm.) (10°°cm.?/kg.) o 
NaCl 3-66 4:56 5 2°63 2:3 6:17 9-39 0-66 


The root mean square amplitude of atomic vibration for rubidium iodide 
crystal at 293°K. is given as 0:32 (Lonsdale).” The frequencies and anhar- 
monicities of the lattice oscillations of rubidium iodide, t.e., the oscillations 
of the interpenetrating lattice of the rubidium and iodine ions with respect to 
one another have been calculated on the basis of the Born model. The cal- 
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culated value of the frequency of lattice oscillation, 2-3 x 10°? (Krishnan and 
Roy) is in exact agreement with the observed value of 2-3 x 10°? (Barnes). 
The anharmonicity of the lattice oscillations, unlike its frequency, varies with 
the direction of the oscillation from a large positive value along [111] toa 
small negative value along [100].° 

A new region of anomalous electrical response is observed at low fre- 
quencies in ionic crystals of a number of univalent halides including rubidium 
iodide. The effect is attributed® to a jumping of the positive ions to vacant 
lattice sites under the influence of the applied field. The jumping is observed 
as a relaxation process, producing a change in the dielectric constant which is 
small and frequently within the limits of error of measurement, and an assoc- 
iated peak in the dielectric-loss tangent which is readily measurable. From 
the magnitude of the peak (tan 6,,,,.) and its position on the frequency or 
temperature scales is calculated the number of lattice defects in the crystal 
and the activation energy of diffusion, U, of the positive ion. A knowledge of 
U leads to separation of the activation energy for conduction, (W/2) + U, into 
its components, and thus W, the activation energy for hole formation is deter- 
mined. For rubidium iodide at ~135°C., and a frequency of 10*cycles/sec., 
CU = 0-21e.V., W/2 + U = 1-84e.V., W = 3-26e.V. The time constant for the 
natural frequency of lattice vibrations = 0-43sec. x 10°”. 

Microscopical observation of the crystal growth of rubidium iodide (para- 
meter 7+-32A.) on grease-free potassium chloride, rock salt and Joplin galena 
shows that the overgrowths are not oriented on any of these substrata. Ease 
of orientation appears to depend on the dissymmetry as measured by the ratio 
of anion to cation radius.*° 

X-Ray measurements made by the photographic powder crystal method have 
given a value for the length of side of a unit cube of rubidium iodide of 7-325 A. 
The effect of small amounts of isomorphous impurities (less than 1%) on the 
length of side of the unit body-centred cube is negligible.** 

Following investigations of deposited overgrowths of alkali metal halides 
including rubidium iodide, Smollett and Blackman’? have deduced the elastic 
constants of the two dimensional ionic lattice strained to fit onto the cube face 
of a substrate of the rock-salt type; these lead to conclusions that disagree 
with a suggestion of Frank and van der Merwe as to the general mechanism of 
oriented overgrowth. Instability is found in the initially deposited layer if this 
is strained to fit the substrate. The orientation observed in experiment cannot 
arise from an initially uniformly strained layer. It seems reasonable therefore 
to suppose that orientation is associated with an initially "distorted" lattice, 
where by "distortion" is meant any type of displacement of a lattice particle 
from its original position leaving the mean lattice spacing more or less con- 
stant. Rubidium iodide crystallised from aqueous solution on glass or on 
barium stearate layers on glass forms cubic crystals, whereas on mica the 
crystal outline is mostly an equilateral triangle with sides parallel to the traces 
of the (010), (110) and (110) planes of mica, the (111) plane of rubidium iodide 
being parallel to the (001) plane of mica. If the crystallisation is effected on 
barium stearate layers deposited on mica, the proportion of unorientated cubic 
crystals increases with the thickness of the barium stearate layer. Layers 
nine molecules thick appear sufficient to eliminate the effect of the mica 
completely.** Schulz has shown that when rubidium iodide is grown onto 
muscovite cleavage surfaces, electron diffraction patterns taken in two positions 
differing by 30° indicate that salts like rubidium iodide with a,>5-32 A. show 
a double positioned type of angular orientation when grown from the vapour 
phase, but only a single positioned orientation when grown from solution.’ 
When rubidium iodide (NaCl-type structure) is grown from the vapour phase 
onto cleavage surfaces of lithium fluoride, sodium chloride, potassium chloride 
and potassium bromide, electron diffraction patterns have shown that the 
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crystals of the initial deposit are oriented with their crystallographic axes 
parallel to those of the substrate in all cases.** When grown from vapour or 
from solution on the cleavage faces of calcium carbonate or sodium nitrate, 
rubidium iodide shows well defined patterns in deposits 10A. thick, but with 
thicknesses greater than 150A., random orientation occurs. Factors important 
for controlling the orientation are: (1) low index planes lie parallel to the sub- 
Strate surface (2) the contact planes usually contain ions of both signs, and 
(3) dimensions along rows of like ions must match. Growths from vapour and 
from solution do not always show the same orientation or even the same crystal 
structure.’® Investigation of the effect of the rate of evaporation of non- 
aqueous solutions of rubidium iodide on the crystal faces developed has shown 
that only cubes are produced by slow evaporation from methyl alcohol, ethyl 
alcohol, acetone, acetophenone and dioxan, whereas an increased rate of 
evaporation produced octahedra except in the case of dioxan where the (111) 
face was not observed. The critical rate of evaporation necessary to produce 
octahedra (111) increases in the order MeOH, EtOH, Me,CO, MeCOPh. The 
rate of formation.of octahedra increases with the dielectric constant of the 
solvent.*’ 

The dielectric constant of rubidium iodide is 5-58, as determined by Starke’s 
method.*® Recent calculations of the dielectric constant of rubidium iodide 
by various methods differing in the evaluation of the ionic polarizability have 
given values in satisfactory agreement with experimental data. The evaluation 
is based on the calculation of an elastic force coefficient, 4, between opposed 
ions as the second derivative of the repulsion energy, trom formulae of the 
type: & = 1-16(n - 1)g*/r3 where n = exponent of repulsion energy law; g = 
charge of the ion; r, = nearest distance in the lattice.’® 

In investigating the mechanical stresses in dielectrics in electrical break- 
down, if the breakdown potential of rubidium iodide is plotted as a tunction of 
the pressure developed in the dielectric crystal through the application of the 
electric field just before the breakdown, it has been found*® that with pressure 
increasing in a definite order the breakdown potential increases rapidly at first. 
This indicates that the weakening of the mechanical strength due to the high 
pressure results in a lowering of breakdown potential. On the other hand, 
the stress increases with increasing lattice energy. A practical inference is 
that increased mechanical strength should result in an increased dielectric 
strength. In further considering the electric breakdown of solid dielectrics, 
the same author** had assumed that breakdown takes place when the energy 
accumulated by the electrons and transferred to the rubidium iodide lattice is 
sufficient to break the bond between the lattice points, but experimental data 
did not bear this out, indicating more nearly a linear reiation between field 
strength and lattice energy and a dissociation of the lattice into ions and not 
into neutral atoms. The decrease of the time interval between electron col- 
lisions with increasing electric field strength holds only at sufficiently high 
field strengths;- possibly when the kinetic energy of the electrons becomes 
comparable with the vibration energy of the lattice points. The dielectric 
constant of rubidium iodide expressed in terms of the close packing of the 
lattice and of the valence: bond is in good agreement with that calculated from 
lattice energy data.?* When the dielectric strengths of rubidium halides are 
plotted with respect to heats of formation in the solid and gaseous states, 


straight lines of positive slope are obtained.** The value of the dielectric — 


strength of rubidium iodide is given as 0-5m.V./cm. 


In investigating magnetic resonance shifts in the alkali metal halides, — 


Ramsey has shown that chemical shifts result from precessional motions in- 
duced by the applied magnetic field in the electrons surrounding the nucleus. 
This precessional motion produces a small local field at the nucleus in opposi- 
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tion to the applied field and this local field will vary from molecule to molecule 
as a result of the variations in electronic structure. 100% ionic compounds 
have no chemical shifts and so the shielding change observed for rubidium 
iodide indicates that there is some covalent character in the crystalline bond. 
The chemical shift of the *’Rb magnetic resonance Ag = (H, - H;)/H, x 10° 
where H, and H, are the magnetic fields necessary for resonance at a fixed 
frequency for the sample and reference respectively is -1-49 for rubidium 
iodide, the reference being a saturated aqueous solution of rubidium chloride. 
The magnetic shielding of the alkali metals decreases from the fluoride to the 
iodide while the ion in solution has the largest shielding of all. The smaller 
shifts of rubidium support the observation that the chemical shifts decrease 
with decreasing nuclear charge. 

In investigating the thermal conductivity of a crystal lattice, consideration 
of the anharmonic properties of a linear chain has led to the suggestion that 
the dimensionless quantity ayT is in general a measure of the anharmonicity of 
a lattice (a is the thermal expansion coefficient and y is the Griineisen para- 

~ meter). It has therefore been proposed that the mean free path for lattice vib- 
ration in an insulator should,’ in the classical temperature region, be approxi- 
mately A,/ayT where A, is the lattice spacing, and reasonably good agreement 
with experiment has been found for a number of alkali metal halides including 
rubidium iodide.”§ 

Results of optical investigations of the state of gas molecules in the 
adsorption layer of solid rubidium iodide have shown that the spectral regions 
of photochemical activities are displaced slightly in the direction of smaller 
frequencies as compared with the positions of the corresponding regions for 
the gas molecules.”° 

When the heats of formation and of evolution are calculated on the basis of 
Wasastjerna’s statistical theory for a binary alkali metal halide solid solution 
such as KI=-RbI in which the difference between the interionic equilibrium 
distances of the components AR is equal to or smaller than chat in the case 
of NaCl-NaBr, the theoretical heat of formation data corresponding to the 
equilibrium at 50°C. are in the case of KI-RbI, closely proportional to the 
expression (AR)*/R3 where K, is the interionic distance of the solid solution.” 
Measurement of the thermal dissociation of rubidium iodide vapour with ap- 
paratus permitting separate measurements of the positive ion, negative ion and 
electron concentrations in the temperature range 1300—1500°C., and deduction 
of the equilibrium constants of dissociation have given a calculated value of 
99-1kg.-cal. for the heat of ionic dissociation of rubidium iodide. The lattice 
energy has been calculated to be 145-5kg.-cal.** The heat of vaporisation 
of rubidium iodide determined”? from the expression X = -1-985 x 2-303 x Id 
log p/d(1/T)] is** 36,870 g.-cal. The same author has given a boiling point of 
1304°C. by calculation or extrapolation of vapour pressure data, and a critical 
temperature = 2444°K. Greater accuracy is claimed for these results than 
for those calculated by the Ramsay~Young rule. For gaseous rubidium iodide, 
the interatomic distance = 3-23A., fundamental frequency = 179cm.* and 
entropy (S29g.1) = 61*8g.-cal./degree, the uncertainty being + 0-3e.V.°° The 
vapour pressure curves of the alkali iodides at temperatures between the 
boiling point and 200—300°C. below the boiling point of the salt lie closer 
together than those of the alkali salts of halogens of lower atomic weight.” 

Measurements of the specific heats, Cp and C, of rubidium iodide by vac- 
uum calorimetry show a rise of specific fear at constant pressure from 0-64 

at 11-6°K. to 628 at 276-9°K. and of the specific heat at constant volume from 
1:27 at 16:2°K. to 5-97 at 276°9K., and in this temperature range the character- 
istic Debye temperature, 0, varies between 100 and 118, thus deviating from the 
prediction of the Debye theory that @ is constant.*? 

Using the latest data on dispersion and adsorption, a dispersion formula of 
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the Drude form has been developed*® for rubidium iodide: n? = 1-6017 + [0-01749 
A7/(N* - 0-015625)] + [0-83466A*/(A*_— 0-033948)] + [0-13917A7/(A* - 0-049729)). 
When silver halides are combined with the corresponding halide of the 
alkali metals, the phase diagrams show certain regularities. With the chlor- 
ides, lithium and sodium form solid solutions, potassium and rubidium form 
eutectics and caesium forms a peritectic; .with the bromides, lithium and sodium 
form solid solutions, potassium forms a eutectic and rubidium and casium 
peritectics, and with the iodides only lithium forms a solid solution, sodium 
a eutectic and potassium, rubidium and caesium, peritectics. The change from 
one type of diagram to the other is explained by the formation of complexes.** 
The total heat of hydration H+ of rubidium iodide has been selected on the 
basis of measurements of heats of solution at infinite or very high dilution 
and values of lattice energy, U, although the latter term involves an uncertainty 
in thermodynamic definition. Fhe value given for rubidium iodide is 137kg.- 
cal./mole at 25°C. As a principle for the separation of Ht into heats of solva- 
tion H* and H- of the individual ions, Mishchenko rejects assumptions made 


by Bernal, Fowler and others of approximately equal H for ions of equal ionic - 


radii, mainly on account of the dissymmetry of the location of the dipole moment 
of the H,O molecule which is estimated to be about 0-25A. Heats of solvation 
for Rbt Sal I~ are given as 74 and 63kg.-cal./g.-ion, respectively. Co-ordina- 
tion numbers, n, (number of water molecules surrounding the ion in the nearest 
solvate envelope) are for Rb* 8 and for I~ 8 and are evaluated from the known 
radii of the ions and the radius ry, of the water molecule. Reasonable values 
have been obtained with ry = 1-93A., corresponding to liquid H,O, but not with 
Tw = 1:38, the radius of water molecules in ice. The values are at considerable 
variance with those of Bernal, Fowler and others who attribute n = 4 to all 
univalent ions on the assumption of a "frozen" hydrate envelope. The ratio of 
the heat of solvation H and the co-ordination number n gives the heats of inter- 
action f, between the ion and one molecule of water in the solvate envelope as 
9-2kg. -cal. /g.cion for Rbt+ and 7: ‘Skg. -cal./g.-ion for I~. These values can PS 
represented as functions of the ionic radii in the form: logHy = (1-38/r7) 

0-25; logH* = (0-70/r*) + 0-47 and (1/E7) = 0-Ir7 - 0: 085; (1/H7) = 0- Irt - 
0-035. Simple consideration of electrostatic interaction ee per mol. H,O, 


an energy of 127-06 x 10°°°/(r; + Ty + B)’kg.-cal./g.-ion. (B = dissymmetry of 


the location of the dipole moment in the water molecule, estimated as 0:25A. ). 
Values calculated with this formula are in very fair agreement with the experi- 
mental values of H, for Rb* and I” with B = 0-25 and ry = 1-93A. The effective 
radii of water molecules in the hydrate envelope of Rbt and I- have been 
calculated to be 1:97A. and 2-09A., respectively, which, being greater than 
1-93, indicate an expansion of the hydrate envelope.*® 

From standard electrode potentials of iodine and rubidium and from relevant 
standard free energy data, Kanevskii®® has calculated a value of 132-7kg.- 
cal./mole™* for the standard free energy of hydration of the pair of ions Rbt and 
1 

Investigations of the limit of full solvation of rubidium iodide in concen- 
trations of 4-63 to 2:14moles/1000g. of water have shown that the distance 
between centres of ions in solutions at the limit of full solvation, calculated 
from the density of the solutions, is in complete agreement with that calculated 
from models of the solutions at the limit of full solvation, the value being 
8-15A. The exothermic effect when ions are brought from zero to full solvation 
has been calculated to be + 39kg.-cal./mole for rubidium iodide.*’ 

The supersaturation limits for rubidium iodide in aqueous solution are 
calculated from the formula: T, - T = 130Vy,/A where 7, = absolute saturation 
temperature, 7 = absolute temperature of first spontaneous crystallisation, 
ao = specific surface energy, Vy = molar volume, i = heat of solution. 
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Experimental values given are: A = 6500; o = 126; oVmM = 7862, giving 
T, ~ T = 15-6, but no great accuracy is claimed for these results. The radius 
of the stable crystal nucleus at the first temperature of spontaneous crystal- 
lisation is shown to be of the order of 10 cm. and varies hyperbolically with 
the degree of supersaturation.** 

When water is supercooled, the presence of rubidium iodide is claimed to 
have no effect upon the lowest temperature attained before spontaneous freez- 
ing takes place, i.e. upon the extent of supercooling.*® 

The solubility of rubidium iodide in certain organic liquids is shown in 
Tablet]: *° 


TABLE I.- SOLUBILITY OF RUBIDIUM IODIDE IN METHYL ALCOHOL, 
ACETONITRILE AND FORMIC ACID. 


Methyl Alcohol Acetonitrile Formic Acid 


Temp. d Ss 
13eC: . 1-58 | 46 
DAs Oe : 1°58 | 47 


d = density; s = solubility in g./100g. of solvent; c = concentration in mols./litre. 


The solubility of ethyl acetate in aqueous solutions of rubidium iodide 
is given in Table II. The experimental activity coefficients of ethyl acetate 
in -099M. and -189M. rubidium iodide solution are 1-016 and 1-013 respec- 
tively.” 


TABLE II.- SOLUBILITY OF ETHYL ACETATE IN AQUEOUS 
SOLUTIONS OF RUBIDIUM IODIDE. 


Goncn. RBI ) 30°C 
8°0 


O 
-099 M. 8°42 7-58 g. ethyl acetate/100g. H,O 
-189 M. 8°41 8-01 | 7-608. ethyl acetate/100g. H,O 


Attempts have been made‘? to correlate the solubility of rubidium iodide 
with the dielectric constant of the solvent in the case of water, acetone and 
a number of alcohols, but because of the many factors involved no general 
rule has been established. The solubility in absolute acetone is said to 
decrease with increasing temperature. Other workers** give the solubility in 
weight per cent. from -80°C. to +40°C. by the formula: 1-15 — 2-13 x 107¢ + 
1-54 x 10°*t?. 

Table III** gives the variations of osmotic and activity coefficients with 
concentration for aqueous solutions of rubidium iodide. The figures differ 
only slightly from earlier values published by Robinson. 


TABLE III.- VARIATION OF OSMOTIC AND ACTIVITY COEFFICIENTS WITH 
CONCENTRATION AT 25°C. IN AQUEOUS SOLUTIONS OF RUBIDIUM IODIDE. 


m Osmotic coefficient | Activity coefficient 
(moles/1000g. H,O) ce) y 


continued on following page 
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TABLE III.- CONTINUED. 


m Osmotic coefficient ; Activity coefficient 
(moles/1000g. H,O) 


The data given in Table IV for the conductivity of rubidium iodide in 
ethyl alcohol at 25°C. show that the decrease in conductivity is proportional 


to the square root of the equivalent concentration, in agreement with the 
theory for strong electrolytes.** 


TABLE IV.- ELECTRICAL CONDUCTIVITY OF SOLUTIONS OF 
RUBIDIUM IODIDE IN ETHYL ALCOHOL. 


ce X 10° = concentration in g.-equiv./litre, density assumed the same as for the pure 
solvent. « = specific conductivity in reciprocal megohms (with solvent correction). 
Ag = observed equivalent conductivity. Column 5 gives the difference between the 
observed equivalent conductivity and that calculated from the equation: Ac = A,i- x/c, 
where A, = 51-8 and x = 228. 


Table V gives values of equivalent conductances and conductance ratios 
for rubidium iodide in furfural, the value of the limiting conductance being 
determined by extrapolation. The ratios are relatively high, indicating that 
furfural is a solvent possessing high dissociating power. 

The furfural solutions do not conform to the relation deduced by Walden, 
viz. K = noD(v)0 45d,, = 51-4, where n, = eee of solvent, =D: the dielectric 
constant, Ty) 0- -45 the dilution and ins miiiivee elas me23° C. = 0-0149 aad 
D,, = 38, dilutions of 500, 1000 ane sae give values of 12-68, 12-13 and 
12-91 for K; The degree of solvation of the cation Rb* is 0-67, approximately 
of the same order of magnitude as in aqueous Solution. The variation in the 
conductance of the rubidium iodide solution in furfural with concentration is 
accurately: expressed by the Storch equation: A, ~ A = KA"C"-}, The 
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TABLE V.- CONDUCTANCE OF SOLUTIONS OF RUBIDIUM 
IODIDE IN FURFURAL. 


coh a CE 


c = concentration, mols/litre; v = corresponding volume; 
A = equivalent conductance; A, = limiting conductance. 


exponent n varies with experimental data, being greater for furfural than for 
the. corresponding aqueous solutions. 

The e.m.f. of the cell Rb|0-01 N. RbI in CH,CN|0-01N. AgNO, in CH,CN|Ag 
at 25°C. is 2+3275 volts. Temperature coefficient = -4x 10% volts per degree. 
The effect of di!ution on the e.m.f. is relatively small, showing that the activ- 
ity coefficient of rubidium iodide in acetonitrile is considerably smaller than 
unity. The. maximum solubility of rubidium iodide in acetonitrile is approx- 
imately 3%.‘ 

Cryoscopic investigation of rubidium iodide in a nitrobenzene solution 
of aluminium bromide has shown that addition of rubidium iodide lowers the 
freezing point of the solution and that by increasing the addition of rubidium 
iodide in relation to aluminium bromide for a constant ratio of aluminium 
bromide to nitrobenzene, the partial depression of freezing point increases 
linearly.**® Calculation of the apparent molecular weight of rubidium iodide 
corresponds to the theoretical molecular weight within experimental error. 
These regularities are due to the formation of molecular complexes which 
dissociate electrolytically as a binary electrolyte: (AlBr,I)Rb = (AIBr,I)~ + 
Rb, 

In the system bismuth iodide-rubidium iodide-water, the isotherm at 12°C. 
has*® 4 branches: (1) corresponding to the deposit of rubidium iodide, (2) to 3- 
RbI,Bil,, (3) to 3RbI,2Bil, and (4) to BilI,,3RbI. 3RbI, 2Bil, forms bright red 
triclinic crystals. The solubility of bismuth iodide in solutions of rubidium 
iodide is approximately 24% at 12°C. Inthe system antimony tri-iodide~rubidium 
iodide-water™ a solubility isotherm at 12°C. shows that SblI, is only ‘slightly 
soluble even in concentrated solutions of RbI and it hydrolyzes in dilute 
solutions. The diagram:has two branches corresponding (1) to the deposit of 
SbI,,1-5RbI and (2) to RbI. SblI,,1-5 KbI is triclinic and forms clear, slightly 
orange-red almost rhombic prisms. Residues containing a mixture of the 
double salt and rubidium iodide, when left to evaporate undisturbed for a suf- 
ficient length of time, deposit small dark red, almost black tetragonal crystals 
analogous in form to Bil,,3RbI. Points representing the composition of the 
liquor from which they form occur .in the diagram near the zone corresponding 
to the salt Bil,,3RbI and they are therefore identified as being probably SbI,,- 
3RbI. 

In the system mercuric iodide-rubidium iodide-water,™ application of 
Schreinemaker’s method of residues at 34°C. proves the existence of the 
double salts HgI,,RbI,H,O and 3HgI,,5RbI only. Neither HgI,,2RbI nor Hgl,,- 
RbI was found at this temperature. 
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Table VI*? gives freezing point, solubility and boiling point data for the 
system rubidium iodide-water. The phase diagram based on these data, given 
in Fig. 1, shows a eutectic at ~13-0°C. and that the boiling point of the satur- 
ated solution is 116:4°C. at 760mm. 
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FIG. 1.- THE SYSTEM RUBIDIUM IODIDE-WATER AT 760m.m. 


TABLE VI.- DATA FOR THE SYSTEM RUBIDIUM IODIDE-WATER. 


ee Soln. + Vapour Soln. + RbI Soln. + RbI 


E = eutectic; S = saturated with solid phase; 
t = total composition (solid and liquid). 


Chemical Properties 
A double salt RbI,MgSO, of the type KCI,MgSO,, has been obtained. The 
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electrical conductivity of the fused kainite system has a sharp minimum at 
the molar ratio 1:1, thus indicating a decrease in the number of ions, i.e. 
persistance of the complex ions characteristic. of kainite even in the fused 
state. The electrolytic dissociation is probably RbI,MgSO, = Rb* + [IMg- 
SO,/. The formation of the salt is thus contingent on the relative attractions 
of Rb* and Mgt+ for I~ and is determined by the generalized moment p = Z/r 
where Z = charge and r = radius of the ion. 

The preparation of the following complex iodides has been claimed:** 
SnI,Rb,, SnI,Rb, Sn,I,Rb, 2SnI,,RbI and ISABr, sities kDa: Attempts to 
prepare a titanium iodide of rubidium gave a residue of Rbi, and Ti(OH),I,- 
2H,O. 

“Rubidium iodide reacts with sulphamic acid, HSO,.NH,, to give the tri- 
iodide.* 

The. stability of rubidium iodide sulphone, RbI,3SO,, is indicated by the 
following dissociation tensions: at ~22-5—8°C., 52mm.; O°C., 278+25mm.; 
15-4°C., 765mm.; 15°5°C., 760mm. Additional experimental evidence of the 
sulphone is given by the pressure vs. weight of SO, curve.°* The compound 
is canary yellow in colour, its heat of evaporation is 10.5kg.-cal./mol. and 
decomposition temperature 15+3°C., in good agreement with earlier data.*’ 

If rubidium iodide is substituted for potassium iodide in the preparation of 
Nessler’s solution, the resulting reagent is extremely sensitive.*® 


RUBIDIUM POLYIODIDES 


Investigation of the system rubidium iodide~iodine by Briggs and Patterson 
from 60°C. up to 238°C., the boiling point of the saturated melt, showed the 
solid phases in contact with the melt to be iodine, rubidium iodide and rubid- 
ium tri-iodide. The tri-iodide melted incongruently at 188°C. and a eutectic 
mixture contained 17-4mol.-% of rubidium iodide and melted at 80°8°C. There 
was no evidence of the formation of higher polyiodides.** From thermal 
analysis of the system, Fialkov and Kuz’menko subsequently deduced that 
polyiodides are not formed when rubidium iodide is fused with iodine, indic- 
ating that the presence of a solvent is essential for their formation.” Further 
work by Briggs and co-workers,* however, indicates that the system has a 
eutectic point (iodine-rubidium tri-iodide) at 80-8°C. and 151% of rubidium 
iodide, a transition point (rubidium tri-iodide-rubidium iodide) at 188°C. and 
40-6% of rubidium iodide and a saturated boiling point (melt, rubidium iodide, 
vapour) at 238°C. (740—750m.m.) and 41-8% of rubidium iodide. Measurement 
of the electric conductivity of rubidium iodide in iodine between 130°C. and 
140°C. shows® that the specific conductivity increases with concentration 
of the iodide and reaches a maximum of 2-4 x 10° at 130°C. The molar 
conductivity reaches a maximum of 139-3 at 4-36% RbI and then decreases 
with further increase of iodide concentration. The temperature coefficient 
of the specific conductivity is negligible at small concentrations of iodide 
and becomes positive at higher concentrations. The electric conductivity 
of iodide solutions in iodine is said to be conditioned by the polymerisation 
of polyiodides, the polymers dissociating electrolytically: (RbI,), = Rb* + 
ROL, ore (RbI{). r+ Rb, I; . Comparison of the specific and molar cond- 
uctivities of the rubidium iodide-iodine system with those of the potassium 
iodide-iodine and tetramethylammonium iodide-iodine systems shows con- 
siderable similarity in the conductivity isotherms and in respect to variations 
with concentration and temperature.” 

Fig. 2 shows a phase diagram for the system rubidium iodide-iodine— 
water. The solid phases are ice, rubidium iodide, rubidium tri-iodide and 
iodine. There are no higher polyiodides and no hydrated tri-iodides. There 
is only one ternary eutectic (i.e. point B, ice-rubidium iodide-rubidium tri- 
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lodine ar 2 liquids) 


FIG. 2.- DIAGRAM OF RUBIDIUM IODIDE-IODINE-WATER AT 740—750m.m. 


iodide) and no dystectics. The binary and ternary invariants of the system, 
with temperatures, percentage compositions and phases present are given in 
Table VII. 


TABLE VII.- BINARY AND TERNARY INVARIANT FOINTS IN THE SYSTEM 
RUBIDIUM IODIDE-IODINE-WATER. 


Position Temp. Liquid Phases present 
co. [aa | ven 


Ice, iodine, liquid 
Ice, RbdI, liquid 

RbI,, iodine, liquid 
RbI,, RbI, liquid 
Iodine, liquid, vapour 
Iodine, liquid, vapour 
Rol, liquid, vapour 
RbI, liquid, vapour 
Ice, RdI, RbI,, liquid 
Ice, RbI,, iodine, liquid 
Ice, 2 liquids, vapour 
Ice, 2 liquids, vapour 


S) 
A 
E 
Cc 
R 
H 
M 
N 
B 
L 
G 
G 


E = Kutectic point; U = transition point; B = boiling point (740—750 mm.) 


The tri-iodide melts incongruently at point C (188°C.) where it decomposes 
into a binary liquid and solid rubidium iodide. The tri-iodide is isothermally 
congruently soluble in water between 7-8°C. and 132°C. Crystallisation 


paths. converge sharply at point X (54-45% iodine, 45-55% rubidium iodide) | 


corresponding to rubidium tri-iodide, thus. verifying its existence.“ 


Solubility determinations in the systems rubidium iodide-iodine-toluene — 
and rubidium iodide-iodine-benzene at 6°C. and 25°C. show® that at each © 
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temperature there are one binary compound RbI, and two ternary compounds 
RbI,61,4C,H, and RbI,71,4C,H,. These compositions for the ternary compounds 
differ from those of Grace who reported RbI,,2C,H, and RbI,,2C,H,. The same 
author gave the dissociation pressure of the tri-iodide = 0-00101m.m. at 6°C. 


and 0:00736m.m. at 25°C. and heat of dissociation = ~17-2kg.-cal. The heat 
of dissociation is greater than that of caesium tri-iodide.® 
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SECTION LXXII 
RUBIDIUM SULPHIDES 
By L.F. WILSON 


Rubidium monosulphide, Rb,S, is readily prepared by direct combination 
of the elements in vacuo. A modification of this method employs mercuric 
sulphide in place of sulphur and has the advantage that polysulphide form- 
ation is avoided.’ 


2Rb + HgS — Rb,S + Hg 


An excess of rubidium metal is used over the quantity required to give Rb,S; 
the excess metal, and the mercury formed by the reaction, are distilled off 
in vacuo. The monosulphide may also be prepared by reaction between the 
calculated quantities of rubidium and sulphur in liquid ammonia solution.’ 
The reduction of rubidium sulphate by hydrogen or ammonia at high tempera- 
tures also produces rubidium monosulphide,’ although this method may give a 
product contaminated with rubidium pyrosulphate.* 

Rubidium monosulphide is colourless at room temperature but darkens 
to an orange colour at 500°C. The melting point is 530°C. and at this temp- 
erature thermal decomposition takes place. The compound is _, diamagnetic 
and the magnetic susceptibility is -0+38 x 10° and ~0+39 x 10° at -183°C. 
and 20°C. respectively.” The crystal structure is of the fluorite type and 
the lattice constant has been reported as 7- 35A.° and 7-65A.° 

Rubidium hydrosulphide, RbSH, is made by passing hydrogen sulphide 
through a solution of rubidium hydroxide. It is also formed as a white powder 
when hydrogen sulphide is passed over rubidium metal powder protected from 
the atmosphere by an inert liquid such as toluene.© Rubidium hydrosulphide 
crystallises in the rhombohedral system and the unit cell dimensions® are 
a = 4-53A. and a = 69° 20%. A high temperature form nas the fluorite siruc- 
ture, a = 6°93A. 

Rubidium forms several polysulphides and compounds up to Rb,S, have 
been reported, The colours of these poly sulphides and values of their 
magnetic susceptibility at -183°C. and 20°C. are given below. 


Colour xv (-183°C.) x (20°C.) 


Rb,S, Yellow -0°38x10° ~0°39 x 10% 
Rb,S, Red -0°38 x 10° 
Rb,S, Red-brown -0°36x10% -0-37 x 10% 
Rb,S, Brown =0°35 % 10> | 0°37 x 10™ 
Rb,S, —0°36 x 10° ~0-36 x 10° 


The reaction in liquid ammonia between rubidium poly sulphide and rubidium 
metal has been studied by potentiometric methods.’ The polysulphide was 
prepared by reaction between rubidium metal in liquid ammonia and enough 
sulphur to give the composition Rb,S, with x>6. The polysulphide forms 
very slowly and gives a red solution with liquid ammonia. A graph showing 
the potentiometric titration of the polysulphide solution with rubidium metal 
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is given in Fig. 1. The results indicate the successive formation of rubidium 
tetrasulphide, Rb,S,, and rubidium disulphide, Rb,S,. The yellow crystals 
of the disulphide react only very slowly with the metal solution and it is not 
practical to continue the titration to the monosulphide end-point. 


1600 


400 


0 8 16 24 32 40 
Rb solution ml. 


FIG. 1.- TITRATION OF RUBIDIUM POLYSULPHIDE WITH RUBIDIUM 
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SECTION LXXIII 
RUBIDIUM SULPHATE 
By N.M. HOPKIN 


Meerov' obtained a 98°2—100% yield when preparing rubidium acid sulphate 
by evaporating the pyrosulphate over phosphorus pentoxide. The sulphate 
had m.p. 285°C. and began to decompose between 170° and 200°C. If it was 
melted rapidly there was no apparent decomposition. On the other hand 
Duval? reported that whereas rubidium sulphate is stable between 76° and 
877°C., the acid sulphate must be heated above 880°C. to obtain complete 
decomposition. ‘The temperatures at which the normal sulphate begins to be 
reduced*® in streams of hydrogen and ammonia. were found by Spitsyn et al. to 
be 670° and 790°C. respectively. Table I shows the loss by volatilisation 
found by these authors when rubidium sulphate is heated under various con- 
ditions from 800° to 1200°C. No chemical decomposition was detected. 


TABLE I.- VOLATILISATION OF RUBIDIUM SULPHATE 


Volatilisation loss 
Temp.°C. per hr. 


800 (in still air) none 
900 (in still air) 
1000 (in- still air) 
1200 (in still air) 
1200 (in a stream of water 
vapour: 18 g./hr.) 


The alkali metal sulphates with the highest m.p. have also the highest 
volatilities. The volatilities of potassium, rubidium and caesium sulphates 
are in the ratio of 1:1°4:2°1. They differ more than one would expect from the 
closeness of their m.p., which are 1074°, 1074° and 1019°C. respectively. 
Volatility may be determined by the changes of bonding which take place in 
the liquid state rather than by the ionic bonding in the solid state. The 
stronger the bonding in the solid state the more it appears to give rise to a 
weaker bonding when liquid. Spitsyn attributes the increase in volatility 
from sodium sulphate to rubidium sulphate to the polarization of the cation 
by the oxygen atoms of the sulphate ion and the corresponding shift from the 
ionic to the polar bond. 

A study of the diffusion of alkali salt vapours in the Bunsen flame* gave 
the coefficient of diffusion of rubidium sulphate as 11°7+10%, the flame 
temperature being 1436°C. as measured by Fery’s method. The metal atoms 
would seem to be free during part of the time of diffusion. The diffusion co- 
efficients of the sulphate in aqueous solution of normality.0°1, 0°25 and 0:5 
at 20°C. are reported by Oholm* as 1°027, 0°985 and 0°968 respectively. 

Table II gives the activity coefficients (y) and osmotic coefficients (¢) 
derived by Stokes* chiefly from isopiestic vapour pressure determinations 
for 1:2 salts of the Na,SO, type at 25°C. These figures agree very well with 
those determined experimentally by Cudd and Felsing* for these compounds, 
and their accuracy is probably in the range 1 in 200 to 1 in 500. 
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TABLE II.- OSMOTIC AND ACTIVITY COEFFICIENTS OF RUBIDIUM AND 
CAESIUM SULPHATES IN AQUEOUS SOLUTION AT 25°C. 


The main factor controlling the behaviour of these electrolytes is the size 
of their ions and its effect on the extent of cation hydration. ‘The Kt ion is 
too large to hydrate at all firmly and the order of decreasing activity of the 
alkali metal ions is found to be: Lit > Cst > Rb+> Nat > Kt. The corres- 
ponding crystallographic radii are 0°6:1°69:1°48:0°95 and 1°33 A., respective- 
ly. But if allowance is made for the considerable degree of hydration of Lit 
and the slightly hydrated Nat, the order of the ionic radii will correspond to 
the order of their activity coefficients. The acid function of an aqueous solu- 
tion is directly proportional to the ionic strength when no complex ion is 
formed, but when rubidium sulphate is added to 0:943M. sulphuric acid Flid 
and Moiseev* found that the acid function of the solution decreases with in- 
creasing concentration of the sulphate, despite the increase in ionic strength. 
The effect becomes more marked in the order lithium, sodium, ammonium, 
potassium, rubidium, which is also the order of increasing ionic radii and 
activities. 

The binary systemrubidium sulphate-magnesium sulphate has been studied 
thermographically® and it is found that a eutectic is formed at 675°C. con- 
taining 47-5 mol.-% of MgSO,. The formation of the compound Rb,SO,,2MgsU, 
was indicated by an inflexion of the cooling curve at 59mol.-% MgSO, at 
850°C. The existence of this compound was also confirmed by X-ray analy- 
sis. 

An investigation of double sulphates of the rare earth and alkali metals 
revealed a double salt of neodymium and rubidium sulphate stable at 25°C.; 
its formula was Nd,(SO,).,Rb,SO,,8H,O and it had a wide range of existence 
in contact with solutions of neodymium and rubidium sulphates. It was stable | 
in contact with solution containing from 4°73% Nd,SO, and 1°2% to 45% Rb,SO,, 
and isomorphous with the other corresponding rare earth-ammonium sulphate 
double salts and with Nd,SO,,T1,SO,,8H,O. The double salt Ce,(SO,),, Rb,SO,,- 
2H,O also has a wide range of existence at 25°C. when in contact with solu- 
tions containing from 34% Rb,SO, and no Ce,(SO,), to solutions containing 
103% Rb,SO, and 0°2% Ce,(SO,)3. 

When solutions containing Ce,(SO,), and Rb,SO, in the molecular propor- 
tions 1:4 are evaporated at 10°C. the double salt Ce,(SO,),,Rb,SO,,3H,0 is 
formed, while Ce,(SO,)3,Rb,SO, is obtained on evaporating at 30°C. when the 
two sulphates are present in the molecular proportions of 1:2. This is the 
first anhydrous double sulphate of a rare earth and alkali metal of this type 
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to be prepared, and the temperature is critical for its formation. 

Polytherms’ have been determined for ternary systems containing water, 
manganous sulphate and rubidium sulphate. The solid phases found to be 
present are Rb,SO,,MnSO,,6H,O, 2Rb,SO,,MnSO, and the mono-, penta- and 
heptahydrates of manganous sulphate. These phases are shown in Fig. l. 


MnSQ,,7H 0 
MnSQ,,5H,O 


100 50 100 
Rb»SO4 Mol.- % MnSO,4 


FIG. 1. POLYTHERMAL DIAGRAM OF THE SYSTEM MnSO,-Rb,SO,-H,O 


over the temperature range of 0-100°C. The corresponding diagram for the 
systems Rb,SO,7CoSO,-H,O and Rb,SO,-NiSO,-H,O, also studied by Benrath, 
are of a similar type, as shown in Figs. 2 and 3, although here only one 


100 Mol.- 3% 100 


RbSO4 CoSO,4 


FIG. 2, POLYTHERMAL DIAGRAM OF THE SYSTEM Rb,SO,-CoSO,-H,O 


double salt was found in each case, both having six molecules of water. The 
molecular solubility of the double salt decreases with increasing atomic 
weight of the alkali metal, but the increase in solubility of the double salt 
with temperature indicates increasing decomposition into the components 
as the temperature rises. The nickel sulphate system is by far the simplest. 

The Rb,SO,-CdSO,-H,O system is the most complex, yielding four double 
salts, shown in Fig. 4 and labelled Sch (Rb,SO,,CdSO,,6H,O), C (Rb,SO,, 
CdSO,,2H,O), D (Rb,SO,, 3CdSO,,5H,O) and L (Rb,SO,,2CdSO,). 
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NiSO,,7H,O 


NiSO,,6H,O0 


NiSO,,6H,O 


FIG. 3. POLYTHERMAL DIAGRAM OF THE SYSTEM Rb,SO,-NiSO,-H,O 


0 
Sch = 
Rb, SO4°CdSO4°6H2O 
C= Rb,SO,°CdSO,:2H,O 
40 


oC D = Rb SO, :3CdSO4°5H,O 
L= Rb»SO,4- 2CdSOx4 ae 


: E 


100 Mol. - % 100 
Rb3SO4 ie CdSO, 


FIG. 4. POLYTHERMAL DIAGRAM OF THE SYSTEM Rb,SO,-CdSO,-H,O 


In the system Rb,SO,-Ag,SO,-H,0O the only solid phases are the pure 
salts.° The isothermally invariant solution which is saturated with the two 
salts has the following composition at 25°C.: 1¢38% Ag,SO,, 33°63% Rb,SO,. 
Its density, 1°372, was determined from a study of the solubility measurements 
by making the complex in a sealed tube and waiting for two days to ensure 
complete equilibrium. 

In the phase diagram of the system Rb,SO,-RbF there are two eutectic 
points’ corresponding to rubidium fluoride contents of 43% and 86% respec- 
tively as shown in Fig. 5. 

When present in 0°1M. copper sulphate solutions during the electrode- 
position of copper, rubidium sulphate, in amounts up to 0°4M. hinders the 
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Rb»SO4, RbF 856°C 
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4 rata Eutectic A=43% RbF 
Cc Eutectic B=86% RbF 
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Rb SO, Mol.- 7 RbF 


FIG. 5. EQUILIBRIUM DIAGRAM OF THE SYSTEM Rb,SO,-RbF 


access of cupric ions to the cathode.’° The depressing effect of this phase 
polarisation increases in the order lithium < sodium < potassium < rubidium < 
caesium. 

Rubidium sulphate has been used to stabilise a hydrogenation catalyst 
such as nickel, metallic copper and chromic oxide, the alkali metal sulphate 
being present in the proportion of Z parts per 100 parts of nickel with the 
total alkali metal sulphate content being less than 0°33 gram-molecules 
per gram-atom of nickel. 

In a study of the chemotherapy of typhus’’ no appreciable activity of 
rubidium sulphate was found against typhus in guinea pig or mouse experi- 
ments: also over a wide range of concentration rubidium sulphate did not 
affect the germination or the growth of barley, wheat, oats, peas or beans in 
nutrient solutions. 
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SECTION LXXIV 
RUBIDIUM CARBONATE 
By N.M. HOPKIN 


Physical Properties 


The dielectric constant of rubidium carbonatehas been determined by Schupp” 
and found to be 6°73 (wave-length 1800m. at 18°C.). ‘The use of powder or 
fused salt does not give very reliable results. Schupp devised a method 
whereby the powdered salt is added to a liquid placed between the plates of 
a condenser and the liquid is changed until one is found the total capacity 
of which does not change with additions of the salt. Then the dielectric 
constant of the salt is that of the liquid used. 

Four- and five-liquid equilibrium systems have been reported by Carriére? 
of which one of the phases can be a Saturated solution of rubidium carbonate. 
In the case of the four-liquid system the other three liquids can be saturated 
aqueous ammonia, a saturated aqueous Solution of sodium oleate, and aniline, 
hexane, nitrobenzene, neutral peanut (or olive) oil or castor oil. An example 
of a five-liquid equilibrium system is saturated rubidium carbonate, saturated 
aqueous ammonia, concentrated sodium oleate solution, hexane and aniline. 
The sodium oleate phase decreases in volume with increasing temperature 
and disappears altogether at 26°C 

In order to study the trends of the thermal effects Q (kg.-cal./mole) of 
reciprocal systems formed by a pair of alkali metals and of anions Diogenov’ 
has devised a classification system in which lithium-sodium, lithium-potas- 
sium, lithium-rubidium, lithium-caesium constitute Group I. Group II com- 
prises sodium-potassium etc. making four groups in all. Taking each Group 
separately, and independently of the nature of the anion pair, the systems are 
invariably irreversibly reciprocal, and for any given pair of cations and one 
fixed anion the shift of equilibrium is always the greater the smaller is the 
radius of the other anion of the pair. Taking one fixed cation (rubidium) for 
the system containing hydroxyl and carbonate anions, Q will increase with 
increasing atomic weight of the other cation. See Table I. 


_ TABLE L.- THERMAL EFFECTS OF ALKALI METAL PAIRS WITH OH~ AND 
CO," ANIONS 


Alkali Metal Pairs | Okg.-cal./mole |. 


The equilibrium phase diagram for the binary mixtures of rubidiurn car- 
bonate and rubidium fluoride given by Schmitz-Dumont and Heckman,* shows 
the existence of two eutectics (Fig. l.), one melting at 627°C. and containing 
51% of the carbonate and the other melting at 616°C. with 34% of carbonate. 
There is also a maximum on the liquidus curve corresponding to the mixture 


Rb,CO-RbF. 
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Rb CO3, RbF at 636°C 
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FIG. 1. EQUILIBRIUM DIAGRAM OF RUBIDIUM CARBONATE AND 
RUBIDIUM FLUORIDE 


Reactions and Chemical Properties 


When anhydrous neutral rubidium carbonate® is added to an aqueous solu- 
tion of ammonia of any concentration and the temperature of the mixture is 
maintained below 20°C., two layers form at saturation point. The upper 
layer contains 99% of the ammonia and the lower layer 99% of the carbonate. 
These layers are stable in the presence of potassium hydroxide and ortho- 
phosphoric acid, but they become completely miscible on dilution or when 
heated above 60°C. Copper acetate added to this system dissolves and be- 
comes concentrated in the lower, carbonate, layer and only traces of copper 
are found in the upper layer. If the carbonate layer is not saturated the ad- 
dition of the copper salt will cause the layers to coalesce. But on the ad- 
dition of more carbonate to the point of saturation, the two components will 
again separate, with the copper in the lower layer of the system. 

Rubidium carbonate® can be formed by the thermal decomposition of rv- 
bidium formate below 400°C., but at this temperature in the presence of con- 
densation catalysts and in vacuo rubidium oxalate will form. In the presence 
of metallic sodium the decomposition product contains 66°8% of rubidium 
oxalate, even at 300°C. In his study of the hydrolysis of the alkali metal 
carbonates Guiter? has found the following figures, taking the hydrolysis 
reaction in four stages. 


(I) At about 1N., ApH = 0°05, 
(CO; -); + 3H,0 = 3CO;H + 30H™ 
The hydrolysis constant = 3°32 x 10°° 
from 0°5% to 5°0%. 
(la) At about 0°-1 N. there is a different reaction to the same point of the 
hydrolysis curve and ApH= 0:3: 
CO,;~ +Mt+H,O = CO,;HM + OH™ 
The hydrolysis constant here is 1°25 x 10° and equilibrium is reached at 
about 5% hydrolysis. 
(II) At about 0°01 N., ApH = 0:2 and the reaction becomes: 
2CO,. +,2H,0.==(CO.H7); —. 20H. 


The hydrolysis constant is 2°23 x 10° and the hydrolysis increases from 5 to 


and the extent of hydrolysis varies 
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15%. 
(III) At about 0°001 N., ApH = 0°75: 


CO, + 4M*t+H,O = (CO.M,H)t+ + OH- 


The hydrolysis constant is 4°4 x 10° and the hydrolysis decreases from 15 
to 002%, 
(IV) At about 0°0001 N., ApH = 0°15: 


CO, +H,O = CO,H~+ OH™ 


The hydrolysis constant is 4°5 x 10°*° and the hydrolysis increases again 
from 0°2% to 0°5%. The hydrolysis reactions are identical for sodium, potas- 
sium and lithium as well as for rubidium and caesium when the metals do 
not enter into the reaction. In a 0°001N. solution cation complexes appear 
the structures of which point to the existence of steric hindrance. The order 
of reactivity® of titanium oxide with the alkali carbonates decreases in the 
order: caesium (decomp. 610°C.), lithium (m.p. 732°C.), rubidium (m.p. 837°C.), 
sodium (m.p. 852°C.) and potassium (m.p. 891°C.), the order of their melting 
points. | 

While studying the thermodynamic properties of carbonates in order to 
elucidate their behaviour in metallurgical processes Kelley and Anderson’ 
have assembled what data there are on rubidium carbonate and bicar- 
bonate. For the bicarbonate Caven and Sand*° assumed the changes in speci- 
fic heat during the decomposition reaction between 285° and 444°K. to be the 
same as those of sodium bicarbonate. The results of determinations of the 
heat and free energy of decomposition were affected by moisture in the sam- 
ples at temperatures below 373°K. 


Ac, = 9°15 ~ 25°5 x 10°T 
2RbHCO,; — Rb,CO,:+ CO, + H,O (g) 
AH = 34,580 + 9e15T — 12°75 x 10°T? 
AF® = 34,580 — 21°07T log T + 12°75 x 10°7? — 26°28T 
AP, = 36180 
AF oy o5.1 = 12°340 
ASyo81 = 80°0 


No calculation was made for rubidium carbonate because of lack of data. 
The thermal value, given by De Forcrand,*‘of AH,,, = 97,420 for the reaction: 


Rb,CO, -> Rb,O + CO, 


and the decomposition pressure, determined by Lebeau’? at 1013—1353°C., 
applv to the liquid state. The melting point is 837°C. 


Applications 


Rubidium carbonate, when used as a condensing agent’® in the trans- 
formation of o-aroyloxyacetarones into o-hydroxydiaroylmethanes, gives a 
yield of 82%. The carbonate has also been used as a catalyst for the co- 
polymerization of 2,5-oxazolidinediones such as 4-isobutyl- and 4-dimethyl- 
2,5-oxazolidinediones. 
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SECTION LXXV 
RUSIDIUM NITRATE 
By N.M. HOPKIN 


In the fused state rubidium and cadmium nitrates react together to form a 
double salt* of the composition Cd(NO,),,2RbNO, which melts at 184°C. and is 
less stable thermally than the isomorphous double salt of cadmium and potas- 
sium nitrate, Cd(NO,),,2KNO,. The liquidus surface of the system rubidium— 
cadmium—potassium nitrate shows that these two compounds are formed in the 
crystallisation field within the ternary system. In aqueous solutions the ten- 
dency to form complexes with lead nitrate increases with the atomic number of 
the alkali metal. The existence of compounds of the composition’ Pb(NO,),,- 
RbNO,, Pb(NO,),,2RbNO, and Pb(NO,),,4RbNO, has been established by vis- 
cosity and conductivity measurements. A compound of one molecule of 
rubidium nitrate and one molecule of thorium nitrate exists in aqueous solu- 
tion; but in the solid state*® an anhydrous compound with two molecules 
of rubidium nitrate has been isolated. The magnetic susceptibility [yy] 
for this latter compound* has been determined [yy = -154-9 x 10°], — but 
this differs from the calculated value, -202°8 x 10°, which indicates that 
there is some modification in the molecular structure. The thorium nitrate 
molecule is most strongly attached to the rubidium nitrate and the diamagnetism 
of the two constituents falls. The influence of cation tadius and salt concen- 
tration upon the salting out of ethyl ether from aqueous nitrate solutions has 
been studied by Heal.* Table I shows the solubility of ethyl ether in aqueous 
rubidium nitrate solutions, wherethe probable error forlow values of mis +0:03%. 
The best equation to describe the effect of salt concentration is log S,/S = km, 
where S, and S are the molal solubilities of ethyl ether in pure water and in 
solution of salt of molality m respectively. At high concentration the salting 
out is less than is predicted by the equation. The solubility (S,) of ethyl ether 
in water was found to be 0°8599 molal. The effect of cation radii was again in 
the same direction as found for lead nitrate at low dilutions. 


TABLE I.- MOLAL SOLUBILITIES OF ETHYL ETHER IN AQUEOUS 
RUBIDIUM NITRATE AT 25°C. 


Solubility of | Concentration of 
Et,O RbNO, 
molality molality 


The low melting points of the alkali metal nitrates as compared with their 
halides (rubidium nitrate has m.p. = 305°C.)® has been attributed to the forma- 
tion of association complexes in the nitrate melts which would contribute a 
term to the over-all entropy of melting without much increasing the heat of fus- - 
ion. The small volume changes on fusion of the melts and the abnormal activ- 
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ation energy for their viscosities support this type of mechanism of melting. 
The transition of the crystal lattice from a cubic to a trigonal form together 
with the rotation of the nitrate ion takes place’ at 250°C. 

The cubic structure of the nitratehas been investigated by Korhonen using 
a Wasastjerna focusing camera. The nitrate samples were in the form of bri- 
quettes maintained at 190°C. The cubic unit cell suggested by Finbak” with 
a = 437A. proved to be too small for structures containing fixed or rotating 
nitrate ions. An axial length a = 8°74A. was favoured and this. larger cell was 
to some extent verified by the existence on a strongly exposed photograph of 
five weak reflections between those formerly designated as (211) and (220). 
The space group was found to be 7° ~ Pa® and the position of the atoms was 
given as 8 atoms of rubidium at the corners of the cell, at its centre and the 
centres of the edges of the cell; 8 nitrogen atoms on the body diagonals of the 
cell at uuu [u = 0°285]; and 24 oxygen atoms at xyz [ = 0-278, 0°278 and 0°399 
respectively]. This new size for the nitrate cell differs from the two struc- 
tures previously reported by Pauling.” 

These were a pseudo-hexagonal cell with the dimensions a = 10°45A. and 
c = 7*38A., containing 9 molecules, and an orthorhombic cell derived from 
Laue data with a = 18:08A., b = 10°45A. and c = 7*38A. containing 18 mole- 
cules. 

An interesting method of differential thermal analysis has been:used by 
Gordon’® et al. to determine the melting points and temperatures of crystalline 
transitions. This method measures the temperature difference between an inert 
reference compound, such as ignited alumina, and the sample to be investi- 
gated, when they are heated together at a constant rate in the same furnace. 
The reference compound chosenis one which willnot undergo any thermal reac- 
tions over the temperature range to be used. Therefore any exo- or endo- 
thermic changes in the sample will cause its temperature to be higher or lower, 
respectively, than that of the reference material. These exo- or endo-thermic 
differentials can be recorded as a function of the temperature of the sample or 
of the furnace. This method has given the melting point of the nitrate as 
249°C. The compound bubbles slightly at 609°C., rapidly at 642°C., and vig- 
orously at 881°C. Rubidium nitrate is the only alkali metal nitrate to undergo 
two crystallinetransitions. These are hexagonal pao cubic 222_~3 rhombic. 

Hydrazine** forms a eutectic mixture with 22% of rubidium nitrate; it free- 
-zes at 36°C. There is no evidence that any double salts are formed. 

Rostkovskii*? has established that there are four polymorphous forms of 
rubidium nitrate in existence between room temperature and its melting point; 
the transition temperatures are 164—6°C., 222~8°C. and 290—2°C. His phase 
diagram for the binary system of rubidium nitrate and chloride shows the exi- 
stence of two complexes. One of these contains 10°4mol.-% of the nitrate at 
340°C. and the other 24mol.-% of the nitrate at 394°C. Blidin’* -has also in- 
vestigated this system, when studying the reciprocal system of rubidium and 


caesium chlorides and nitrates. Rubidium and caesium nitrates form a contin- | 


uous series of solid solutions with a minimum m.p. at 290°C. In the binary 
system of rubidium and lithium nitrates (Fig. 1) a compound of composition 
corresponding to RbNO,,LiNO,**’** melts at 191°C.; it forms solid solutions 
with either salt. There are also eutectics of the two salts at 179°5°C. and 
154°C.,corresponding respectively to 35 and 68mol.-% of rubidium nitrate. The 
rubidium—potassium nitrate system forms a series of continuous solid solutions 
with a minimum m.p. about 292°C. at a composition of 67mol.-% of rubidium, 
nitrate. The eutectic mixture of rubidium nitrate and sodium nitrate contains 
55 mol.-% of the former and melts at 178°5°C. (Fig. 2). Ternary mixtures’® of 
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LiINO3 Mol. yp RbNO3 


FIG. 1.- EQUILIBRIUM PHASE DIAGRAM OF LITHIUM AND RUBIDIUM NITRATE 
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FIC. 2.- EQUILIBRIUM PHASE DIAGRAM OF: SODIUM AND RUDIDIUM NITRATE 


rubidium nitrate, caesium nitrate and calcium nitrate give minimum tempera- 
tures of fusion as shown in Table II. In the binary mixtures the existence of 
the compound Ca(NO,),,RbNO,, was confirmed. 

When any two of these isomorphic compounds react chemically with the 
third compound then the resultant compounds are isomorphic. The shift of 
double decomposition in the mutually reversible system sodium chloride-rub- 
idium chloride-sodium nitrate-rubidium nitrate*® is towards the more stable 
couple, sodium chloride-rubidium nitrate. There are three eutectic points on 
the equilibrium diagram of this mixture: 


(I) at 156°C. with 36°5 mol.-% NaNO, 
5-5mol.-% NaCl 
58 mol.-% RbNO, 
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(II) at 210°C. with 10 mol.-% mRbNO,,nRbCl 
14 mol.-% NaCl 
75*1mol.-% RbNO, 

(III) at 330°C. with 295 mol.-% RbCl 
23°6mol.-% NaCl 
46-9 nol.-% mRbNO,,n RbCl 

TABLE II.- MINIMUM MELTING FOINT MIXTURES OF RUBIDIUM NITRATE, 
CARSIUM NITRATE AND CALCIUM NITRATE 


Molecular Percentage | 


Melting Point 
of mixture 
(e) 


Blidin conducted this study in test tubes, noting the appearance of the first 
crystals. The maximum temperature used was 500°C. and the melting point of 
rubidium nitrate was thus found to be 313°C. (see page 2249), Reciprocal sy- 
stems with a pair of alkali-metal cations and the anion pair hydroxide and 
nitrate have been classified*’into four groups with respect to the alkali metals. 
Thus Group 1 comprises metals adjacent in the periodic system, Group 2 com- 
prises pairs of alternate alkali metals, Group 3 comprises the pairs Li-Rb and 
Na-Cs, whilst the fourth Group consists of the lithium-caesium pair. The 
thermal effects VU (kg.-cal./mole) of the exchange reactions of these systems 
are seen in Table III. 


TABLE III.- THERMAL EFFECTS OF ALKALI METAL FAIRS 
WITH CH- AND NO% ANIONS 


Alkali Metal 


_ The thermal effect increases on descending Group I of the Periodic Table. 
The stable pairs of salts are always the hydroxide of the lighter metal with 
the nitrate of the heavier. Liquid layering is absent with the cation pairs 
potassium-rubidium and rubidium—casium, but occurs. with lithium-rubidium 
and sodium-rubidium. There is a tendency for compounds of the type MOH,- 
MNO, to occur in these systems where M is the same alkali metal. These 
can be considered as acid salts of orthonitric acid (H,NO,).. 

Like potassium nitrate, rubidium nitrate forms glasses with calcium nitrate 
using mixtures ot 40—60% rubidium nitrate but the density, crystal velocity and 
viscosity of these melts have not been reported.*® 

Alkali metal ions have been studied in respect of their effect on the coag- 
ulation of colloidal solutions of sulphur. The amount a of thecoagulating ion, 
expressed as a percentage of amount equivalent to sodium pentathionate 
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(Na,S,O,) required to stabilise the sol, is 37% for Rb*. The coagulating 
concentration was inthis case 0-10g.- equivalent per litre of rubidium nitrate.*® 

The practical osmotic and activity coefficients of rubidium nitrate solu- 
tions over a large range of concentration havebeen determined by an isopiestic 
method” depending upon the difference in vapour pressure of two salt solu- 
tions. A small volume (2ml.) of potassium chloride solution and the same 
volume of the salt solution to be studied are placed in two separate gold 
plated platinum dishes in a desiccator which is evacuated, maintained at 25°C. 
and rocked gently. Distillation occurs until both solutions have attained the 
same vapour pressure. Equilibrium is reached in 24hr. if the concentrations 
of the solutions are greater than 0-5M. Changes in weight of the two solu- 
tions give the isopiestic concentration. The errors in calculating osmotic- 
pressure and activity coefficients (given in Table IV)are not greater than 0°3% 
at 0005 mm. pressure of mercury in a 02M. solution. 


TABLE IV.- OSMOTIC AND ACTIVITY COEFFICIENT DATA FOR AQUEOUS 
SOLUTIONS OF RUBIDIUM NITRATE FROM VAPOUR PRESSURE 
MEASUREMENTS 


Solution Strength | Osmotic Coefficient | Activity Coefficient 
M. Q y 


ouowo ud or 


on 


At concentrations of aqueous rubidium nitrate solution greater than 2M., the 
molecular volume is not a linear function at 18° and 25°C. but is parabolic.” 
Table V gives the relative viscosities and relative densities of aqueous solu-— 
tions from 0°092M. to 1-786M. at 18° and 25:01°C. The viscosity—concentra- 
tion curves at both temperatures are similar for potassium nitrate and caesium 
nitrate. The relation between relative viscosity and concentration for solu- 
tions below 0:2N. is represented by the Jones~Dole*? equation ¢ = 1 + Ay/c + 
Be where ¢ = fluidity, and the constant 6 is negative for salts that increase 
the viscosity of water and positive for those that lower it. The stiffening 
effect of the interionic forces which determine the viscosity at high dilution 
tends to make the constant A negative. 


TABLE V.- RELATIVE VISCOSITIES AND RELATIVE DENSITIES 
OF RUBIDIUM NITRATE SOLUTIONS 


Temperature | Concentration c | Relative Viscosity | Relative Density 
et mols./l. d d 


18 
18 


18 


25:01 
25°01 
29°01 


0:09244 
0-89168 


1-78637 


0°09244 
0-89168 
1°78637 


0-99251 
0-94100 
0:93388 


0-99422 
0:95877 
0°96394 


1 -00977 
1-10114 
1°22196 


1 -00966 
1-10027 
1-22028 
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At dilutions greater than 0°01 N. the effect of a strong electrolyte like rub- 
idium nitrate is to make the viscosity of the solution greater than unity. The 
results”® in Table VI confirm the ionic-atom theory of strong electrolytes. 


TABLE VI.- RELATIVE VISCOSITIES AND RELATIVE DENSITIES OF 
DILUTE SOLUTIONS OF RUBIDIUM NITRATE 


Concentration | Relative at ea Bane Density 
mole/1. 


0-00199 1:00002 1-00021 
0-01000 0°99931 100105 
0°10000 0°99155 1°01044 


0:00259 1°00015 1°:00027 
0°02204 0:99976 1°00226 
0°10000 0:99704 1°01025 
1-0000 0:98000 1°10100 


Jaeger and Kapma** made some very accurate determinations of the elec- 
trical conductivities of molten salts over a wide range of temperatures, and 
reduced their results to a general expression for each of several salts of the 
alkali metals. For rubidium nitrate over a temperature range from. 318-8°C. to 


493°C., 
Ug = 33°51 + 0°145 (t — 300) 


This formula gives good agreement with the experimental results. The 
electrical conductivity of the binary melts of cadmium nitrate and rubidiumni- 
trate** between 150°C. and 320°C. increases as the proportion of the cadmium 
salt decreases. But there is no irregularity at the composition corresponding 
to the compound Cd(NO,),,2RbNO,, neither was it noticed on the curves of 
temperature coefficient against composition. At 260°C. the conductivity was 
0°206 for the equimolecular mixture. The dielectric constant of rubidium nitr- 


ate in aqueous solution of 0°0015 g.-equivalents per litre has been determined — 


by means of high frequency measurements.*© The constant decreases linearly 
when the concentration of ule solute increases in water or water—glycerol mix- 
tures. In an investigation”” of the types of particles occurring in concentrated 
electrolytes van Ruyven has used vapour pressure data to study their degree of 
dissociation and the hydration. Raoult’s law was employed together with Arr- 
henius’ hypothesis in the treatment ofthese data by Tamman* andRemy.~ No 
single electrolyte gave exclusively naked ions, and the degree of hydration in- 
creased with decreasing atomic volume for the alkali metal series LivNa; Ky 
Rbt. Table VII gives a summary of results for the equilibrium constant K am 
the vapour pressure at 100°C. found for various concentrations of rubidium ni- 
trate. 


TABLE VIL.- EQUILIBRIUM CONSTANTS AND VAPOUR PRESSURE OF VARIOUS 
CONCENTRATIONS OF RUBIDIUM NITRATE AT 100°C. 


Ne Equilibrium eee Pressure 
Constant K 
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The heat of hydration Ht (kg.-cal./mole), based on measurements of heats of 
solution (L) at infinite or very high dilution and the values of lattice energy 
(U),has been given by Mishchenko*® as 143 for rubidium nitrate. The lattice 
energy value can be uncertain up to +2% and this, on the average, will apply 
to his values for heat of hydration. His figures are more comprehensive than 
those of Bernal and Fowler and sometimes differ from them. The ionization 
equivalent constant (K,) was found to be 1+47 for rubidium nitrate,** which is 
close to the values for all of the alkali metal nitrates. It had previously been 
reported as 2:11. Rubidium nitrate shows a weaker association capacity than 
does caesium nitrate. There is no hydration of rubidium and nitrate ions at 
100°C. The association of nitrate ions with undissociated molecules, for ex- 
ample rubidium nitrate, can give rise to complex anions, such as (RbN,O,). 
Under normal pressure the thermal dissociation** of rubidium nitrate takes place 
at 548°5°C. Binary mixtures of the alkali metal nitrates dissociate at tempera- 
tures between those for the single nitrates. The molar energy of interaction*® 
of ions of the nitrate in concentrated aqueous solution,is related to ,/C, where 
C is the volume concentration of the electrolyte in g.-mol./l. of solution. The 
deviation from this relation of strong electrolytes can be caused by the forma- 
tion of liquid hydrates of ions of various stoicheiometric compounds that are 
able to dissociate in the solution. For aqueous solutions of rubidium nitrate 
between 0°5N. and 4°5N. the constants a and 6b are 0151 and 1°017 respect- 
ively in the expression: 


wa=atb/C 


where q is the molar energy of interaction of the ions. 


APPLICATIONS AND BIOLOGICAL PROPERTIES 


The luminescence of phosphors can be increased by the addition of several 
activators.* The mixture 14Sr(OH), (phosphor) + 4S + SMgC + O*6Bi(NO,), + 
0-3RbNO, + 0-6Na,SO, + 0°6K,SO, + 2Li,CO, + 1°2 starch gives a blue-green 
phosphorescence. But the successive subtraction of the potassium sulphate, 
sodium sulphate, rubidium nitrate and lithium carbonate deminishes the lumin- 
escence progressively. ; 

Although solutions of rubidium nitrate of more than 0:0005% : concentration 
retard the growth of rye roots, Wolkenhauer®® has found that 0°01% solution of 
the salt permitted growth equal to that of the control plants. 
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SECTION LXXVI 
RUBIDIUM PHOSPHATE 
By N.M. HOPKIN 


Physical properties 


Rubidium phosphate exists in two crystallographic forms,* (I) monoclinic 
and (II) tetragonal. The monoclinic variety is obtained by the dilution of a 
saturated solution containing an excess of orthophosphoric acid, while neutral 
solutions inoculated with potassium or ammonium phosphate give the tetra- 
gonal form. Jaffe? prepared monoclinic crystals of the phosphate by 
rapidly cooling a concentrated solution. He obtained the tetragonai form by 
slowly cooling the saturated solution and also by evaporation from a satura- 
ted solution at room temperature. The tetragonal form is seignetto-electric 
in the direction of the c axis, obeying the Curie-Weiss law with its Curie 
point at 145°-9+0°3°K. Most authors* are in agreement about this value. 
This crystal behaves like those of the potassium dihydrogen phosphate and 
the potassium dihydrogen arsenate groups. These transition temperatures 
are associated with the orientation of the hydrogen bonds and are of the 
order-disorder type. No transition point has been found in rubidium di- 
deuterium phosphate; this may be due to the formation of a lattice similar 
to that of the metastable rubidium phosphate. 

Rubidium dihydrogen phosphate modifies the seignetto-electric properties* 
of potassium dihydrogen phosphate crystals by lowering the temperature of 
the Curie point and the maximum resonance temperature. Rubidium di- 
deuterium phosphate also lowers the temperature coefficient of these piezo- 
crystals. The elasticity® of rubidium phosphate is similar in magnitude to 
that of potassium dihydrogen phosphate over the temperature range —50° to 
30°C. Jona® confirmed this when determining the elastic constants for 
Rochelle salt, potassium di-deuterium phosphate and sodium chlorate by means 
of a method involving the differences of the diffraction of light on supersonic 
waves. 

The electrical resistivity of piezo-crystals of the dihydrogen phosphate 
type is influenced by the presence of traces of impurities in the solutions 
from which they are grown. Barium and sulphate ions are particularly un- 
desirable’ because their ionic radii are similar to those of ammonium and 
phosphate ions respectively. They can therefore enter the crystal lattice 
with ease. A solution containing 0°0016% of SO; calculated on the ammonium 
dihydrogen phosphate can give crystals of an average resistivity of 25,000 
megohms cm:*. The addition of small amounts of isomorphous rubidium phos- 
phate of the order of 0°05% to 0°1% to the solution from which the piezo- 
crystals are grown will improve this figure to 37,000megohms cm.*. At 
9500Mc. the complex dielectric constants of rubidium dihydrogen phosphate 
vary rapidly at 250°K., indicating transformations of the second order; these 
may be ferro-electric. This was first observed by Le Bot® e¢ al. in 1953. 
This phosphate, which is isomorphous with its potassium analogue, has its 
maximum resonance frequency at —40°C.° Crystallographic data for a large 
number of Kurrol salts were determined by Corbridge’ and for the correspond- 
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ing. compound of rubidium, (RbPO,), he gives: a 12°12, b 4°23, c 6°48 A,; 

= 85% 4 mols/unit cells *d So Stee / eed > 3932: ‘space 
group = P2,/n. ‘ 

Bengtsson’ prepared the monetite of barium and rubidium by mixing to- 
gether the theoretical amounts of barium hydrogen phosphate and rubidium 
carbonate. The mixture was heated for three days. During the first day the 
temperature was slowly raised to 1000°C. and the mixture was ground at 


calc. 


frequent intervals. The resulting hard product was slowly cooled. An 
X-ray study of the powder showed an orthorhombic diagram similar to that of 
rubidium sulphate. The lattice measurements were; a = 5°73, 5°97; b = 


10°06, 10°43; c = 7°79, 7°81 A.; and V = 449 and 486 A.* The general shrink- 
age of the monetite lattice is due to the smaller radius of the barium ion com- 
pared with that of rubidium. 


Chemical properties 


The decomposition** of acid rubidium phosphate has been studied by 
means of temperature-time curves obtained when heat is applied at a constant 
rate. Breaks in such curves will show when endothermic reactions occur, 
such as the evolution of water or oxygen. The temperature of decomposition 
varies with pressure, being 310°C. at a pressure of 30mm. of mercury and 
between 410 and 430°C. when the pressure is 710mm. At still lower’? pres- 
sures approaching vacuum conditions, the thermal. decomposition of the phos- 
phate is similar to that of potassium dihydrogen phosphate which occurs at 
about 250°C. The pyrophosphate loses half its water of crystallization at 
this temperature, but the remainder is eliminated more slowly, probably owing 
to the formation of a diacid tetraphosphate of rubidium. 

The hydration of rubidium pyrophosphate in dilute solution is very slow. 
This was observed by Balareff** while investigating the structure of pyro- 
phosphoric acid. He obtained a yellow precipitate with silver nitrate only 
after boiling a 1% solution of rubidium pyrophosphate for 15 hr. 


References 


I Bartschi, P., Matthias, B., Merz, W. &Scherrer, P., Helv. Phys. Acta, 


1945, 18,240-2. (46, 9) 

2 Jaffe, H., U.S.P. 2,680,720, 8-6-1954. (48 ,11685) 

3 Beck, M.&Granicher, H., Helv. Phys. Acta, 1950,23,522-4. (45,2305) 

Seidl, F., Tschermak’s Mineral. u. petrog. Mitt., 1950,1,432-5. (44,10421) 
Stephenson, C.C., Corbella, J. M. & Russell, L. Aen J. Chem. Phys., 1953,21, Hele 

(47,9092) 

4 Matthias, B.& Merz, W., Helv. Phys. Acta, 1946,19,227-9. (41,4986) 


Matthias, B., Merz, W. & Scherrer, Po Helv. Sole Acta, 1947,20, 273-306. (42,1776) 
5 ‘Patelhold’ Patentungs- & Elektro- -Holding A.- Sy aa P, 253,652, 16-11-1948. 


(44,5502) 
6 Jona, F., Helv. Phys. Acta, 1950,23,705-844.. (45,3675) 
7 Jaffe, H., U.S.P. 2,449,484, 14-9-1948. (43, 369) 
8 LeBot, J., Le Montagner, S. & Allain, Y., Compt. Rend., 1953,236,1409-12. 
7 (47,8436) 
9 Biefer, H., Keller, H. & Matthias, B., Brown Boveri Mitt., 1946,33,214-18; 
Chem. Zentr., 1948,11,777. (45,8316) 
Corbridge, D. E, Cs Acta Cryst., 1955,8,520. (49, 15349) 
10 Bengtsson, E., Arkiv Kera. Min. Geol., 1941, 15B,No.7,8 pp. (36, 334) 
11 Balareff, D., a anorg. Chem., 1924, 134, 75-8. (18,1795) 
12 Hackspill, L. & Lauffenburger, R., Compt. Rend., 1931,193,397-400. (26, 41) 


Balareff, D., Z. anorg. Chem., 1921, 118, 123-30. (16,1194) 


— my 


SECTION LXXVII 
THE SPECTROSCOPY OF RUBIDIUM AND CERTAIN OF ITS COMPOUNDS 
By R.F. BARROW and LADY ANNE THORNE 
THE SPECTRUM OF ATOMIC RUBIDIUM 
By A. THORNE 


General Discussion and Excitation of the Spectrum 


Introduction. 

The spectrum of atomic rubidium has attracted much attention since the 
early days of spectroscopy, and indeed the study of the alkali-metal spectra 
played an important part in the development of modern spectroscopic theory. 
Brief historical accounts with references are given in most of the standard 
text-books on spectroscopy and in certain review articles.***”** 

A description of the rubidium spectrum and its explanation in terms of 
modern theory is also to be found in standard text-books.*° The neutral rubi- 
dium atom has the ground state electron configuration 1s? 2s? 2p° 3s? 3p® 3d* 
4s’ ‘4p° 5s ?Sy, with the 5s electron outside a krypton-like core of closed 
shells, giving rise to a doublet spectrum. The first doublet of the principal 
series lies in the near infra-red at 7800 A. and 7948 A. and the second in the 
violet at 4202 A. and 4216 A.; the rest of the principal series is in the ultra- 
violet. Most of the sharp and diffuse series lie in the visible, while the 
fundamental is in the infra-red. The most important energy levels and transi- 
tions of Rb I are shown diagrammatically by Grotrian.’ Numerical values of 
experimentally determined energy levels of Rb I and II have been tabulated by 
Bacher and Goudsmit® and, more recently and more comprehensively, by the 
National Bureau of Standards for the spectra Rb I-III and IX-XIV.° 

Measured wave-lengths and intensities of spectral lines were first ar- 
ranged in series by Fowler’? and Paschen-Gétze™* for the Rb I spectrum. 
Later tables compiled by Moore’*** give a few multiplets of astrophysical 
interest in the Rb I and II spectra, together with a finding list arranged by 
wave-length. The M.I.T. wave-length tables,** which list the arc and spark 
lines of all elements between 10,000 A. and 2000 A. in order of wave-length, 
include a list of the ‘raies ultimes’; -these are also given in the Vatican Ob- 
servatory ‘Atlas of Persistent Spectra’.** The use of certain rubidium lines as 
reference lines in the near infra-red has been discussed.*° 

In 1938 Shenstone’’ published a summary of spectroscopic work on the arc 
and spark spectra of all elements, incorporating tables showing how thoroughly 
each spectrum had been investigated. Meggers’® brought the information up to 
date in 1946, and at the same time Hartree’ presented in a similar way a sum- 
mary of the calculations of wave functions and energy levels. 


Astrophysics. 
Rubidium has been identified in the sun by the presence of its resonance 
lines in the near infra-red part of the solar spectrum.”*°” 


Excitation of the Spectrum. 

The spectrum of rubidium has been excited in flames, arcs, sparks and 
various forms of discharge. Reference is here made only to those papers in 
which the conditions or mechanism of excitation have been the main 


2259 Refs. p. 2260 


2260 RUBIDIUM 774 


consideration. Accounts of wave-length and intensity measurements and of 
specialized light sources for particular investigations are given elsewhere; in 
particular, references to spark sources are given in the sub-section on the: 
spectrum of ionized rubidium (see page 2264), 

In flames several investigations have been made of the relation between 
the intensity of the spectral lines and the concentration of the rubidium salts. 
This relation has generally been found to follow a linear law at low concentra- 
tions and a square-root law at higher concentrations.**”** The process of 
excitation appears to be thermal.*»** Different methods of introducing the salt 
into the flame have been described,?”»”? and the effect on the intensity of the 
rubidium lines of adding other alkalies has been studied.”°” 

In the electric furnace, lines have been observed in emission as well as 
absorption.*” Chemiluminescence arising from the interaction of rubidium 
vapour with the halogens has been investigated.” 

Lines of both the Rb I and Rb II spectra have been excitéd by collisions 
with hydrogen and helium atoms.** 

In rubidium arcs studies have been made of the effect of the voltage on the 
excitation of the spectrum® and of the temperature distribution and electron 
density within the arc.**** An interrupted arc has been found to give many 
lines of Rb II.°° Convenient lamps for production of the Rb I spectrum have 
been developed.*?** 

In glow discharges passed through mercury vapour mixed with the vapour 
of rubidium or of the other alkali metals, relative intensities have been mea- 
sured,***? and the spectrum of the positive column of a discharge containing 
rubidium vapour has been studied.*® Electrodeless discharges are found to 


excite both the arc and the spark spectra of rubidium.**? 
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The Spectrum of Neutral Rubidium 


The ground state of the neutral rubidium atom is 5s *Sy, with a krypton- 
like core of closed shells. The ionization potential of 4.176 volts corres- 
ponds to term values for the ground state of 33,691-02 + 0:03 cm.™ and 
33,691-10 + 0-03 cm.~* for **Rb and °’Rb, respectively.’ 

Fowler’s 1922 tables® list the first 30 doublets of the principal series, 6 
of them resolved, 8 members of each of the sharp and diffuse series, and a few 
of the fundamental. Some higher members of the principal series are included 
in Moore’s ultra-violet multiplet tables.* The information summarized by Fow- 
ler was subsequently extended by measurements on the principal series in ab- 
sorption*” and on infra-red lines.© Ramb measured several members of the 
sharp,. diffuse and fundamental series interferometrically,? and a few strong 
lines were also measured interferometrically by others.”*® More recently 
Kratz*® observed the principal series in absorption as far as n = 77, the doub- 
lets being resolved up to n = 26. These results, together with some on for- 
bidden lines,”* are all incorporated in the National Bureau of Standards 
‘Atomic Energy Levels’, 1952,* which tabulates the experimentally determined 
term values for excited states of the 5s electron from 6s to 12s and 32s to 53s, 
from 5p to 77p, from 4d to 54d, from 4f to 8f and 29f to 47f, 5g, 6g and Gh. 

Apart from the first 22 ?P intervals resolved by Kratz,*® some *D intervals 
were measured by Ramb® and others’*"”?? and some 7F intervals by Meissner 
and Masaki.** The first 7D and the *F terms are inverted, an effect generally 
ascribed to perturbations by excited states of the core electrons.°”** Table I 
gives the *D and ’F intervals as far as they have been measured and the first 
few *P intervals. As far as they have been resolved, the *P intervals obey 
closely the law Av « 1/n** where n* is the effective principal quantum num- 
ber.’° . 

Beutler has found in absorption 40 lines of the so-called Rb I> spec- 
trum,***° arising from the excitation of an electron from an inner shell, in this 
case the 4p°® shell. Most of these lines are classified as 4p° 5s - 4p* 5s ns 
and 4p° 5s - 4p* 5s nd transitions, having as series limits the excited 4p° 5s 
*P and ’*P terms of Rb II. The RbI levels derived from these transitions are 
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TABLE I. - DOUBLET INTERVALS IN THE SPECTRUM OF RbI 


ERROR ers (Eee ed Ge SR a ee Ce 


A(n?P )(cm.7') 237-60 | 7750 | 35-09 | 1886 | 11-28 | 731 | 497] 3654 | 260 
A(n?D\em.7") 296] 226 1601 | O+70 | 0°48 | 0-30 | 0-25 | 0-20 
A(n?F)(cm.7*) -0-01 | -0-01 


included in ‘Atomic Energy Levels’.* 

Forbidden lines of the 5s - nd series have long been known in both emis- 
sion and absorption.**’” Measurements of their intensity are in agreement 
with the transition probabilities to be expected for quadrupole radiation.**”° 
This series was recently extended by the absorption measurements of Kratz 
and Mack as far as 5s - 54d.”* In addition, they found a long 5s - ns series 
running from n = 32 to n = 52 and another long series designated as 5s - nq, 
where ng represents higher members of the f, g, or h series.**”* Lines of the 
forbidden p — p series have been found in emission, and some intensity mea- 
surements made on them.**”* The absorption of both the s - d and s - s series 
in external electric fields is referred to under the Stark effect (see page 2266), 

The continuous emission (recombination) spectrum of rubidium has been 
studied in different sources.*”’ The continuous absorption (photo-ionization) 
spectrum has also been investigated,*”? and Ditchburn et al.*® have compared 
the variation of atomic absorption coefficient with frequency in all the alkali 
metal vapours: the minimum just below the series limit, which is characteris- 
tic of the other alkalies, has not been definitely established for rubidium. 
Quantum-mechanical calculations of continuous absorption coefficients as a 
function of frequency have been compared with the experimental results.°%% 

The measurement of transition probabilities in atomic lines has been dis- 
cussed fully by Mitchell and Zemansky,*’ and more recent work is referred to 
in Unsdld’s book.** For rubidium, the transition probabilities of a few mem- 
bers of the principal** and of the sharp and diffuse series*? have been found 
from the absolute intensities of emission, and the method of anomalous dis- 
persion has been applied to the principal series.** A recent determination by 
the null method of magneto-rotation®*»** in the resonance doublet gives life- 
times of 2:85 and 2:78 x 10°° sec. for the 7Py, and ‘Ps, states, respectively, 
corresponding to f-values of 0»335 and 0-661. Measured intensities have been 
discussed with reference to thermodynamical equilibrium for the sharp and dif- 
fuse series.*° 

Considerable attention has been devoted to the doublet intensity ratio in 
the principal series. Early measurements gave contradictory results,*’*%** 
but it was later established that, at least for the higher series members, the 
ratio is greater than the theoretical value of 2:1. Most results indicate a 
ratio of about 3:1 for the second member and still higher ratios for the higher 
members.***°4% Fermi has suggested a theoretical explanation for the depar- 
ture from the 2:1 rule.***° 

Little theoretical work has been done on the spectrum of rubidium. Al- 
though, as stated in the Introduction, the spectra of this and the other alkali 
metals were much studied in connection with the development of the theory of 
atomic spectra, calculations of energy levels for atoms as heavy as rubidium 
have seldom been carried beyond the semi-empirical stage.*°°* The applica- 
tion of quantum mechanics to the determination of atomic energy levels and 
eigenfunctions has been fully set out by Condon and Shortley.®* Hartree in 
1946 summarized the calculations carried out up to that date on the spectra of 
all light and a few heavy atoms for states of ionization up to the fourth.** For 
rubidium, the only published values of wave functions appear to be self-con- 
sistent field functions without exchange for the ground state of Rb*.°*57 
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The Spectrum of Ionized Rubidium 


Singly Ionized. 

Lines of the Rb II spectrum have been identified in several different kinds 
of source, for example in certain combustion and collision processes™ and in 
interrupted arcs,’ as well as in the electrodeless discharges,”*”** hollow- 
cathode discharges,**"*® and various forms of spark used in systematic investi- 
gation of the spectrum. The conditions of excitation in sparks have been 
studied.*® 

The lines first measured”* were classified by comparison with iso-electro- 
nic spectra.*°*?. The results of these measurements were added by Laporte, 
Miller and Sawyer to their own results to give a total of 33 levels derived from 
107 classified lines.**** This work forms the basis of the Rb II energy levels 
listed in the National Bureau of Standards ‘Atomic Energy Levels’,’ although 
a few additional measurements have been reported.***® Moore’s ultra-violet 
multiplet tables” give the wave-lengths of only a few Rb II multiplets. 

Rb II in the ground state has the krypton-like electron configuration 1s’ 
2s? 2p 3s? 3p® 3d*° 4s? 4p° *S,, with an ionization potential of 27+5 V., corres- 
ponding to a series limit (for the *Ps ground term of Rb III) of 221,852 cm.”; 
the series limit for the 7Py term is’229,232 cm.-* ‘Atomic Energy Levels” 
lists terms built on both the 4p* *Ps, and the 4p* *Py, terms of the ion, with 
configurations -4p5 5,6s; 4p*> 5p; and 4p> 4,5d. Later measurements have 
modified the fine structure of certain of these terms.*’ 


Doubly Ionized. 

Rb III has a bromine-like spectrum, with the groundestate configuration 1s* 
2s? 2p® 3s? 3p® 3d*° 4s? 4p° ?P¥. Thirty lines of Rb III have been classified 
by Tomboulian and a few additional lines reported by others."® ‘Atomic 
Energy Levels” lists the eleven terms derived from Tomboulian’s measure- 
ments, arising from the configurations 4s? 4p*°, 4s? 4p* 4d, and 4s* 4p* 5s. 
The ionization potential is 40 V., corresponding to a series limit of 320,000 
emer. 
More Highly Ionized. 

The spectra of Rb IV and higher ions have not been analysed. However, 
Mack’? has identified the resonance doublet of Rb IX, and Edlén”° has observed 
a few lines in each of the spectra Rb X - Rb XIV. Table II indicates the ex- 
tent to. which. each. of these spectra is known, as reported in ‘Atomic Energy 
Levels’. 


TABLE II.- DATA ON THE SPECTRA Rb IX TO Rb XIV. 


Ionization Series Ground State Configs. of 
Potential | Limit ls 2s 2 3s 3p which terms 
(volts) (cm.~*) identified 


3d*° 4s 7S1, | 8p® 3d*° 4p 
10 1 


Iso- electronic 
with 


217 ~—- | 2,235, 100 | 3d’ S 3p° 3d° 4,5p; 4-6f 
3¢° 3p> gto 
3a° . 
3d’ 
3d° 
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Zeeman, Stark and Pressure Effects 


Zeeman Effect. 

The Zeeman effect in the alkali metal doublets is described in standard 
text-books on spectroscopy, for example those already cited (see page 2260), 
Rather fuller accounts have been given by Back and Landé.*? As the histori- 
cal resumés in these books indicate, the ‘anomalous’ Zeeman pattern of the 
resonance lines of the alkali metals played an important part in the develop- 
ment of spectroscopic theory. 

The Landé g-factor for the 7Siz ground state of rubidium is 2, and for the 
Pi *Py levels it is 2/3 and 4/3,respectively. Thus, in terms of the classi- 
cal Lorentz splitting Avy, the *Si;-’Py, line has two o components at +%4Avy 
and two 7 components at +%Av,, while the ‘Srey line has four 0 compo- 
nents at +%Av,, +%Avy and two 7 components at +’4Avy. The Paschen- 
Back effect sets in at magnetic field strengths sufficient to break down the 
Spin-orbit coupling; as this condition is approached, the components of the 
two resonance lines merge to form a Lorentz triplet with unshifted 7 compo- 
nent and o components at tAv;. The Zeeman effect in the alkali metals has 
been treated theoretically on the basis of Dirac’s theory.* 

The Zeeman effect in the ground state of rubidium has received much at- 
tention in atomic beam magnetic resonance experiments (see also page 2268), 
in the course of which extremely accurate measurements of the Zeeman split- 
ting have been made.° The g(*S1,) value of rubidium is found to differ from 
that of the three lighter alkali metals by 5:10°. Reasons for this discrepancy 
have been suggested.° 

The magnetic double refraction of rubidium vapour has been measured and 
compared with the calculated effect.’ The appearance of ‘forbidden’ compo- 
nents in the Zeeman pattern of the resonance lines has been described*??¥*’ 
and calculations made of their intensity.*°*”’ Pressure broadening of the Zee- 
man components has also been investigated.” 

The simple Zeeman pattern in any field is symmetrical about the field-free 
line. However, at high fields and for the higher members of a series, the pat- 
tern as a whole may be asymmetrically shifted by the so-called quadratic 
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Zeeman effect. Theoretically, the centre of gravity of the o components 
should be shifted twice as far as that of the 7 components, the shift being 
proportional to H’ and to (n*)*, where n* is the effective quantum number.” 


Experimental results for rubidium are in reasonably good agreement with the 
theory.. 


Stark Effect. 

The Stark effect is rather briefly discussed in most text-books. A fuller 
account has been given by Minkowski.* The Stark pattern of a line is consi- 
derably more complicated than its Zeeman pattern. In the alkali metals the 
first-order effect is a quadratic one: an asymmetric splitting proportional to 
the square of the field strength, which, when unresolved, appears as a simul- 
taneous broadening and shift of the line. The theory of the effect in the alka- 
li metals has been discussed in several papers.**** 3 

Experimental investigations appear to have been confined to absorption 
measurements on the principal series.‘°*° These show the quadratic effect,*””” 
but in higher members of the series the linear effect appears.” The electric 
field also has the effect of bringing up lines of the forbidden s - s ands -d 
series, and its effect on the intensities and positions of these lines has been 
discussed.**° 


Pressure Effects. 

General accounts of the effects of pressure on spectral lines may be found 
in text-books”*”*' and in the review articles written in 1936 by Margenau and 
Watson”* and in 1957 by Ch’en and Takeo;” both the latter contain references 
to experimental work on alkali-metal spectra, on which some of the most ex- 
tensive research has been done, and accounts of the theories of pressure ef- 
fects, including the Stark effect due to inter-atomic electric fields. More 
detailed theoretical papers have been published on both foreign gas broaden- 
ing’**’and ‘resonance’ (self-pressure) broadening.*** 

Several measurements have been made of the broadening and shifts of the 
first two doublets of the rubidium principal series in absorption in the pre- 
sence of different foreign gases at pressures of up to several hundred atmos- 
pheres.**°?*° The direction of the shift depends on the gas used, and the two 
members of the doublet are affected differently.**** A number of measure- 
ments have also been made on higher members of the principal series. The 
shift is proportional to the relative density of the foreign gas and appears to 
approach a constant value at the series limit.*”*° 

The appearance of bands near the absorption lines of rubidium in the pre- 
sence of foreign gases has been attributed to the formation of loosely bound 
polarization molecules.*****° 

The broadening of the resonance lines with increasing pressure of rubi- 
dium vapour has been measured and compared with the line contours to be ex- 
pected from the dispersion formula***° and, at high vapour pressures, the 
formation of quasi-molecules.*°*° 
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Hyperfine Structure and Nuclear Moments 


Before the development of magnetic resonance techniques, nuclear moments 
were determined primarily by optical investigation of the hyperfine structure 
(hereafter referred to as hfs). Kopfermann* has given a very full account of 
the theoretical background and of the methods of both optical and radiofre- 
quency spectroscopy, and Ramsey” has, summarized the application of these 
methods to the determination of nuclear moments, giving tables of results up 
to 1952 and many references. Nuclear effects in atomic spectra®*® and the réle 
of nuclear moments in the shell model of the nucleus** have recently been re- 
viewed. 

The data for the rubidium isotopes are summarized in Table III, .in which 
references are given only for the results published since 1952 and therefore 
not included by Ramsey.” 

In this Table / is the nuclear spin, p the nuclear magnetic moment (in nu- 
clear magnetons) and Q the nuclear electric quadrupole moment. Thecolumns 
headed A1(5*S1,) refer to the splitting between the two hyperfine levels of the 
5s *Sy ground state; this has been measured much more accurately by radio- 
frequency methods than is possible optically (as has the magnetic moment),** 
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TABLE II. - NUCLEAR MOMENTS OF THE RUBIDIUM ISOTOPES 


2a. 
Q (x 10° cm.*) me a al cm.7! 


0029920 19,20 Are 
+2°00°% ae 0: 167 


85 5 +1°3532 | 0-295? 0.27% 3035+7 

86 7,18 =. Je 697° 396038 

87 3 +2» 750 1 QO. i Rhea Oc 13°° 6834+ 1 
+0-0005 +0001 °F 40-01 er ae 0+ 2280 


but the first few figures of the value have here heen converted for convenience 
to cm. 

First attempts to determine the spins of the two naturally occurring iso- 
topes, **Rb and *’Rb, from intensity measurements on the optical hfs gave in- 
correct results,** but Kopfermann and others later succeeded in determining 
the spins from the spectrum of Rb II° and in resolving the hfs of the resonance 
lines of Rb I.% The hfs of the *P levels was unresolved but calculable from 
the pattern. The values found®’ for the two isotopes are given in Table IV, 
in units of cm.” 


TABLE IV. - HFS INTERVALS IN THE SPECTRA OF “Rb AND ®’Rb 
Tea 
0.228 0-017 0-009 
°7Rb 0-101 0-027 0-014 
The results of hfs measurements on the alkali metals in the 1930’s have 
been summarized.*° In rubidium the isotope shift’** has been found to be 
zero for the ground state of the isotopes **Rb and °’Rb.’ A theoretical esti- 
mate of the shifts to be expected in the rubidium spectrum has recently been 
made. 

From a very recent investigation of certain terms of the Rb II spectrum” 
the electric quadrupole moment of the °’Rb nucleus has been determined as 
0-14 + 006 x 10°%* cm.? 

The most accurate measurements of nuclear moments and of the hfs and 
Zeeman levels of the ground state have been made by radiofrequency methods, 
mainly in atomic and molecular beams.*”** The atomic beam method of zero 
moments was early applied to find the spins and hyperfine structures of **Rb © 
and *’Rb.*? Later Rabi’s magnetic resonance technique was used in atomic 
beams of rubidium to measure accurately the ground-state hfs and Zeeman ef- 
fect of both these isotopes**** and in molecular beams to measure directly 
their magnetic moments.***® From magnetic resonance experiments on atomic — 
beams of the radioactive isotopes of rubidium, the spin, ground-state hfs and 
magnetic moment of *°Rb have been determined,’”’* and the spins of the iso- 
topes °4°%°%°4Rb,19 Values for the hfs and magnetic moment of **Rb have also 
been found by the zero-moment method.”° 

By nuclear magnetic resonance methods several very precise determina- 
tions have been made of the ratios of the nuclear magnetic moments of **Rb 
and °’Rb to that of the proton and to each other.”*”° The latter ratio is of par- 
ticular interest in connection with the so-called hfs anomaly, or Bohr-Weiss- 


kopf effect, the result of the distribution of the magnetic moment over a finite 
nuclear volume.?”?° 
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Recently Rabi et al. have succeeded in performing atomic beam magnetic 
resonance experiments with alkali-metal atoms in excited ?P states, and from 
transitions between hyperfine levels of the 5*P3, and 5’Py states of both **Rb 
and *’Rb they have found the magnetic hfs constants of these states and the 
electric quadrupole moments of both nuclei*®® (0-27 + 0°02 and 0-13 + 0-01 x 
10° cm.*, respectively). Perturbations apparent from these measurements 
have been discussed.** In addition, the hfs of the GiPy. state has been in- 
vestigated by the very recent technique of magnetic double resonance, where- 
by radiofrequency transitions between hyperfine levels are detected optically. 
The values of G found in this way are in good agreement with the atomic beam 
values.*? The ratio of Q,,:0,, is confirmed by the value of 2+0669 + 0-0005 
found for it in magnetic resonance measurements on a beam of RbCl molecules. 
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X-Ray Spectrum 


Early work on the X-ray spectrum of rubidium was principally concerned 
with measurements of the wave-lengths and intensities of the A- and L-series 
lines and absorption edges.** Tables of atomic energy levels have recently 
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been compiled from X-ray frequencies for rubidium and other light and medium 
elements.’”° 

Certain faint lines in the X-ray spectrum of rubidium have been ascribed to 
quadrupole transitions.* Others, appearing as satellites of K- and L-emission 
lines, are believed to originate in atoms in which a second electron has been 
knocked out of an inner shell.* 

With the higher-resolution methods developed since the early years of X- 
ray spectroscopy, it has been shown that the absorption edges of atoms in the 
solid state have a fine structure and that, owing to the influence of free elec- 
trons and neighbouring atoms, many of the emission ‘lines’ are in fact bands 
of varying width. The structure of the K-edge of rubidium in the metal and 
various crystals has been examined*”° and the widths of emissicn lines mea- 
sured,**> The results have been interpreted in terms of the electronic energy 
bands in the crystal lattice and the free electron conduction bands.**° 

General accounts and reviews discuss the X-ray spectrum of rubidium, 
with particular emphasis on the importance of X-ray spectroscopy in solid 
state physics.*?** 
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THE MOLECULAR SPECTRA OF RUBIDIUM AND CERTAIN OF ITS COMPOUNDS 
By R. F. BARROW 
The Rb, Molecule 


The spectrum of the Rb, molecule may be readily observed, for example in 
fluorescence’ or absorption.'»? The magnetic rotation spectrum has also been 
observed.° Early vibrational analyses’ were based on inadequate data, and 
no analysis has yet been given of the infrared bands*8* at 8400 to 9050A. 
Constants°’ for the Rb, molecule are given below. 


State T.. We X eG) ¢ Ve@e Dkg.-cal. 

D 227775 40-42 0.0745 -0- 00144 mo 

G 20835-1 36°46 0-124 - 71 
Bil. 14662-6 48-05 0-191 - 8°5 

A ~11500 - - ~ - 
oo 0 57-28 0-096 -0-00083 11-3+0-5 


Bands arising from polarization molecules, Rb-Rb, or Rb-foreign gas have 
also been observed.*"*° 
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The RbCs Molecule 


The analysis of one system of bands observed in absorption and first att- 
ributed* to Cs, has been given.” The constants are as follows:- 


State ye Oo 
A 13747-2 38-46 
mye 0 49-41 


A diffuse band at 5640A.has also been attributed to this molecule.’ 
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Rubidium Hydride 


A discharge through rubidium vapour in presence of hydrogen gives rise to 
a many-lined spectrum in the region 4600 to 6600A. which is assigned to the 
molecule RbH. Constants’ are as follows:- 


State i Ose X pW o Yoo D,, kg.ecal. 
Arse. 18906-4 244-6 -4.1 -0-169 > 
soy 0 936-77 14-15 +0-075 39+5 
State be OS Peak 
Heb 28 1-231 -0-023 3.708 
Gps 3.020 0-072 2-367 


The excited state A1X* shows anomalies similar to those observed for the 
other alkali hydrides? (see also LiH, p.280), A theoretical treatment of the 
intensity distribution in this system has been given.° 
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Rubidium Halides 


The spectra of the rubidium halides in absorption in the vapour state have 
been investigated as follows:- 7 
Microwave region: rubidium bromide’ and iodide.’ 
Infra-red (vibration-rotation) region: rubidium chloride.” 
Electronic spectra: rubidium fluoride,® chloride,¥* bromide,*?® and ivdide.®” 


Rubidium fluoride} and rubidium chloride® have also been studied by the 
technique of molecular beam electric resonance. In the former work, the 
transitions J = 1 to J = 2 were observed, but in the latter, precise molecular 
constants were obtained from observations on the transitions J = 0 > J = 1. 
Radio-frequency spectra of rubidium fluoride and chloride have also been 
studied by the zero-field molecular-beam magnetic resonance method.?"!% 

Values of the molecular constants of these molecules are collected in 
Table V, together with the thermochemical information required: for the deter- 
mination of their energies of dissociation (see also Li, p. 283), 


TABLE V. SPECTROSCOPIC CONSTANTS FOR THE GASEOUS RUBIDIUM HALIDES 


[Molecule | Be | me Tt A | werem* fd. | 


LO) (365). 
2627-40 228 
1424.84‘) [166] 

984-32 [128] 


Notes: (1) The values of B,, a and r, are taken from reference 1. The values of Be 
and a, are in Mc./sec. 
(2) Constants for *=Rb*°Cl. 
(3) Constants for Rb” Br. 
(4) w, (RDF) = 390 cm. from ultra-violet spectrum,®° 340+70 ene from mol- 
continued on following page 
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ecular-beam electric resonance.’ Other values of @e are from reference 2: values in 
square brackets are estimated values. 


TABLE V (continued) 


Dissociation Energies, D,.,, kg.-cal.mole * 


RbCl | RbBr__ 
a a 


a reference 10 
b reference 11 
c reference 12 
d recalculated from reference 14 
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COMPOUNDS OF RUBIDIUM: SOLID STATE 
Rubidium Hydride 


The ultra-violet absorption of thin layers of rubidium hydride deposited on 
quartz has been examined.’ Maxima occur at 2680 and 2020A. 


Reference 


I Rauch, W., Z. Phys., 1939,111,650-6. (33,6155) 


Rubidium Oxide, Rb,O 


Maxima* in the ultra-violet absorption spectra of thin films of rubidium ox- 


ide deposited on quartz lie at 3470, 2960, 2540 and 1920A. 
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Rubidium Halides 


In order to avoid repetition, certain properties of the crystalline alkali 
metal halides are only discussed in detail under one appropiate alkali metal, 
as follows: ultraviolet absorption spectra, page 285; Raman spectra, page 
1380; colour centres, page 2012; luminescence: phosphors, page 2018. 

The absorption spectra have been studied both in the infra-red and ultra- 
violet regions. In the infra-red, maxima have been observed’ as follows:- 


RbCl: 848u. RbBr: 114-Ou. RbI: 129-5n. 
In the ultra-violet region, the maxima”™ lie at the following wave-lengths:- 


RE 21320. sEESOA, 

RbCl: 1660 1380A. 

RbBr: 1910 1780 1550 1460 1230A. 

RbI: 2230 1870 1790 1560 1340 1200A. 


The variation with temperature of the position of the longest-wave-length band 
of rubidium bromide® has also been studied (see also page 285), 

The infrared absorption and reflexion spectra of rubidium bifluoride has 
been examined® in connexion with the structure of the bifluoride ion. 
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Rubidium Nitrate 


The ultra-violet reflexion spectrum of rubidium nitrate has been studied.’ 


Reference 
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SECTION LXXVII 
THE ANALYTICAL DETERMINATION OF RUBIDIUM 
By H. V. THOMPSON 


DETECTION 


The additions to the analytical reactions of rubidium subsequent to those 
previously given (Mellor,II,472-4), have been relatively limited** and there is 
a paucity of specific tests for the element, though in certain cases it can be 
detected microchemically in the presence of caesium. 

With a mixed solution of gold and silver, rubidium chloride forms blood red 
prisms and tables whereas small non-transparent cubes and stars are given by 
the corresponding caesium compound.** | 

Rubidium salts in concentrated hydriodic acid, when treated with a solu- 
tion of gold and silver iodides in the same acid, yield black hexagonal crystals 
of an aurous auric rubidium silver iodide. Caesium salts react similarly, but 
the crystals tend to collect into stellate aggregates.° The triple chlorides 
of rubidium and caesium with gold and silver both form reddish crystals.*#'°4 
On adding a drop of a solution of auric and palladous chlorides to a drop of 
the test solution, a black compound of the type M,AuPdCl, is precipitated if 
either rubidium or caesium is present.**'°* However, the prior removal of 
caesium by precipitation as its double iodide with bismuth is said to render 
the test for rubidium unambiguous.® When drops of concentrated solutions of 
sodium bromide and rhodium chloride are added to a drop of a mixed solution 
of rubidium and caesium salts, crystals characteristic of both elements are 
formed.’ Potassium, rubidium and caesium can be separated by paper chroma- 
tography and detected by.developing the chromatogram with sodium lead 
cobaltinitrite.°? As a result of an examination of the sensitiveness of 
various reagents for the detection of rubidium and caesium, Moser and Ritschel 
conclude that the test with silicomolybdic acid is the most reliable in the 
presence of potassium, but in its absence the phosphotungstic acid test is 
the most delicate, followed by that.with sodium cobaltinitrite.*° According. 
to Geilmann and Gebauhr few of the wet tests for potassium, rubidium and 
caesium are entirely satisfactory.'°? 

_ Rubidium in a concentration of not less than 0+3% can be detected in the 
presence of 230 times its weight of caesium by the formation of yellow needles 
when a neutral solution is treated with a solution of Naphthol Yellow S in pure 
formic acid.** 

When present as traces rubidium and caesium are detected spectroscopi- 
cally,'??° but even so it may be necessary to effect an initial concentration of 
the two elements by applying a gravimetric separation from the other alkali 
metals (see page 2276) and examining spectroscopically the solid from the 
residual solution of the mixed salts of rubidium and caesium. 


DETERMINATION BY CHEMICAL METHODS 


Gravimetric Methods. Maca 
The first step in the determination of rubidium or caesium is the prepara- 
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tion by standard methods of a solution of the alkali metal chlorides free from 
all other constituents. From this point various routes can be taken to obtain 
a solution containing only rubidium and caesium with, in certain cases, a small 
amount of sodium. In one process, potassium, rubidium and caesium are 
separated as their chloroplatinates or perchlorates from the remaining alkali 
metals and subsequently converted into chlorides. Rubidium and caesium are 
then separated from, potassium by precipitation as 9-phosphomolybdates and, 
after removal of molybdenum as sulphide, the two metals are reconverted into 
chlorides through their chloroplatinates.” 

Inthe sodium bismuthinitrite method,*»”* the mixed alkali chlorides are foe 
verted into nitrates and rubidium and caesium are precipitated as triple nitrites,” 
X,NaBi(NO,),, by adding a solution of bismuth nitrate in an excess of sodium 
nitrite. From the hydrochloric acid solution of the precipitate the bismuth is 
removed as sulphide, giving a solution containing only rubidium and casium 
together with a little sodium. 

Other methods rely on the much higher solubility of rubidium and caesium 
chlorides in mixtures of hydrochloric acid and ethyl alcohol to effect the 
separation of these two metals from potassium’ and sodium, if present,?*** . 

but this procedure has had some adverse comment.” 


Separation of Rubidium and Casium. 

Owing to their close chemical similarity, it is doubtful whether any 
reagent effects a truly quantitative Separation of these two elements, and in 
all methods the limiting factor is the difference in solubility of a given pair of 
salts. In the silicotungstate process* ° the rubidium and caesium in the mixed 
sclution are converted, if necessary, into chlorides and the caesium is precipi- 
tated as silicotungstate. The rubidium is then directly determined in the 
filtrate as chloroplatinate. If, however, rubidium is present to the extent of 
0:4% or more, it will be precipitated by an excess of the reagent.*” 

Godeffroy’s test** has been adapted for quantitative work by precipitating 
the caesium in the presence of ferric chloride as a complex chloride of caesium 
and antimony, Cs,Sb,Cl,, with a solution of antimony trichloride in glacial 
acetic acid, the ee chloride being added to minimize the co-precipitation of 
rubidium.”* After removing antimony and iron from the filtrate, the rubidium 
can be determined either as perchlorate or -chloroplatinate. Moser and 
Ritschel were unable to get consistent results by this method and concluded 
that the separation was unsatisfactory.” 

The difference in solubility of rubidium and caesium sulphates in aqueous 
alcohol forms the basis of Wells and Stevens’ method of separation in which 
the mixture of dry chlorides is treated with an alcoholic solution of ammonium 
sulphate, when sparingly soluble rubidium sulphate is formed.”° 

As the solubility products of the tetraphenyl boron complexes of rubidium 
and caesium are:approximately one tenth that of potassium,** this method (see 
page 2027) is applicable to rubidium or caesium or to both elements in admixture 
after separation from potassium.** A volumetric method has been based on the 
decomposition of rubidium tri-iodide by. carbon tetrachloride into the normal 
iodide and iodine, whereas the corresponding caesium salt is stable.**4 


DETERMINATION BY PHYSICAL METHODS 


In the normal course of analytical work, caesium and rubidium are present 
only in minor or trace amounts; consequently considerable emphasis is placed 
on spectro graphic analysis, 36538 a not merely on account of speed in 
operation, but as giving in many cases more reliable results than purely 
chemical methods by which, as has been pointed out, a quantitative separation 
of the two elements is difficult to achieve. Rubidium has been determined by 
flame photometry®®> and, like potassium, by B-ray emission.° 


Rubidium can be determined colorimetrically,” and all types of quantita- 
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tive methods for rubidium and caesium have been reviewed, either separately 
or in conjunction with those for the other alkali metals, in a number of 
papers, 2258! 
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SECTION LXXIX 
BIOLOGICAL PROPERTIES OF RUBIDIUM 
By F. CALL 


Rubidium is widely, though not abundantly, distributed in water and soil 
from which it is extracted and concentrated by living Organisms. Thus, the 
average percentage of rubidium in sea water’ is 2 X 10°5 and in marine organ- 
isms 3.4 X 10%; in rivers 1.6 < 107 and in fresh water organisms 2.9 x 10°; 
fa soila'G6 'X 10° ‘and in grasses 6.4 x10". In general rubidium can replace 
potassium to a large degree in its metabolic role in living organisms and the 
toxicity of rudidium appears to depend on its interference with potassium.” * 


Micro-organisms 


Rubidium is the only element that can partially replace potassium in a num- 
ber of yeasts, mycobacteria and aerobic spore-forming organisms.*’ The 
growth of yeast’ and of Aspergillus niger,® as well as the fermentation of glu- 
cose by yeast*® are all stimulated by rubidium salts. Rubidium can also act as 
a substitute for potassium in overcoming the inhibition by sodium or caesium 
ions of the glycolysis of Lactobacillus arabinosus.** The radioactive tsotope 
®SRb has been used to study the uptake of rubidium by bacteria‘* and the ele- 
ment has been shown to enter the cells of Aerobacter aerogenes by the process 
of active transport and in addition to protect this organism from the effects of 
adverse pH.** Rubidium salts may also produce morphological changes in 
certain bacteria, e.g. the proliferation of filamentous forms.*”** Solutions of 
rubidium chloride at concentrations of 0.5—5.0 g. per 1. cause fungistasis of 
Torulopsis cordllina,*® but injection of rubidium sulphate into mice and guinea 
pigs has no therapeutic action against the organism causing typhus.” 


Soil and Plants 


Rubidium has been identified in a number of different soil types, the con- 
tent ranging from 1—15 x 10°*%, with a tendency to accumulation in the surface 
layers.“ 7° In some soils rubidium may be fixed by entering into the lattice 
of an illite-type clay mineral.” Rubidium is found to be present in a large 
number of species of plants.7*** In general, the average content of phan- 
erogams**’*? is about 18 mg. per kg. based on dry weight (18 p.p.m.) with a 
tange of 1-98 mg. per kg. Cryptogams®'?** average 120 mg. per kg. with a 
range of 2.4—2800 mg. per kg., the very high values being found in certain 
fungi.** *° Species growing in water or damp places may contain 3—7 times 
as much rubidium as species of the same family growing in dry places.*”’* 
The rubidium contents of a large number of species of seeds have been deter- 
mined and found to range from 0.6 mg. per kg. in rye to 46.7 mg. per kg. in 
coffee beans, ®~** a higher content generally being present in seeds of crucifers 
than in those of labiates. Marine algae concentrate rubidium to about 10 times 
the concentration normal in sea water,’ while fresh water plants have much 
the same range of rubidium contents as the marine species, indicating that 
the element must be concentrated about a thousandfold by these plants.” 

The uptake of rubidium by plants from soil is inversely proportional to the 
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available potassium.**’*? When the ratio of rubidium to potassium is 34: 1000 


‘milliequiv. the ash of the potato plant contains 1.1% of rubidium, 14% of that 
available being taken up. If, however, the rubidium is reduced to one hun- 
dredth, the plant takes up 43% of that available.” Metabolising barley roots 
rabidly accumulate rubidium from solutions of the order of 10° molar. Rub- 
idium taken up when metabolism is suppressed is loosely held, being teadily 
exchanged with the inert isotopes.*? Absorption of rubidium by roots is inhi- 
bited in parallel with the inhibition of ascorbic acid oxidase, while potassium 
inhibits the uptake of rubidium but facilitates its transfer to the shoots.*°’ Kin- 
etic studies of the absorption of rubidium from solutions containing other ions 
indicate that potassium and caesium interfere competitively with rubidium up- 
take while lithium and sodium do not.°”*? The uptake of rubidium is’ found 
to vary along the root, being highest about 2 mm. behind the tip and lowest in 
the succeeding 2—6 mm. where cell elongation is occurring most rapidly.*°?** 
Little upward translocation occurs.” Mycorrhizal roots of the loblolly pine 
absorb less rubidium than non-mycorrhizal roots.*© Rubidium chloride, in 
common with other alkali chlorides, causes calcium depletion in barley and 
wheat roots.”’ The uptake of rubidium by potato tuber tissue obeys a Freuna- 
lich equation and the results are consistent with combination of the metal 
with one or more constituents of the protoplasm.** In carrot discs also there 
appears to occur combination with some metabolic carrier.’ In mung bean 
roots both calcium ions and ultra-violet radiation enhance the uptake of rub- 
idium,°° but X-radiation depresses the uptake.°* Plant auxins also increase 
the uptake of rubidium by various plant tissues and the increase is related 
to increased hydration of the tissues. °* The rates of penetration of potas- 
sium and rubidium into Valonia cells are proportional to their ionic radii.® 
Sorption of rubidium ions by wheat chloroplasts is very small.°° The rate of 
movement of injected rubidium salts in the trunks of the white pine and the 
yellow birch ranges from an upward movement of one foot per minute in July 
to zero in October.” 

Rubidium has been ascribed a role as an important trace element for pot- 
atoes®® while the growth of many plants is stimulated by small percentages of 
the metal in the soil.°* Most cereals appear to be indifferent to the presence 
of low concentrations of rubidium but are killed or rendered incapable of com- 
pleting their development by higher concentrations.”°?”* Rubidium salts inhibit 
the growth of radish seedlings’? and of the roots of rye”’ and of Lepidium 
sativum.”* Ankistrodesmus develops resistance to the element after growth 
in solutions containing rubidium.’ The toxic effect of rubidium to cereals 
is reduced when the concentration of potassium is increased.“””’ A study 
of the amino acid distribution in plant tissues suggests that low concentrations 
of rubidium can offset the effects of potassium deficiency.” There is some 
evidence that rubidium influences the synthesis of amylase in germinating 
barley’® and. also restricts the uptake of phosphorus.*? Respiration is ins 
creased in excised barley roots by rubidium sorbed on exchange resins.* 


Animals 


Rubidium has been identified by spectroscopy in many though not in all 
species of marine and terrestrial animals.*»*° The contents range from 3—28 
mee. an invertebrates, 2—20 mg./kg. in fishes, batrachians and reptiles, 

8-65.5 mg./kg. in mammals, and more than 100 mg./kg. in birds.®*” Human 
liver has been fonnd to esneata 14 mg./kg.°* and this is not stored during 
toetal lite but accumulated during the nursing period.®” Rubidium appears to 
be a normal constituent of human blood, ranging from 1.63 to 4.95 mg. per l. 
in whole blood and 0/53 to 1.80 mg. per 1. in serum, the difference being the 
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intracellular content.*°??! Rubidium is one of the least toxic of the alkali 


metals®* °* and can in fact be substituted for potassium without affecting the 
respiration of erythrocytes.** Rubidium®® has been found useful as a tracer 
for potassium for studying the rate of exchange between plasma and erythro- 
cytes.°° Both nucleated and non-nucleated erythrocytes are freely permeable 
to rubidium®’ which competes with potassium but not with sodium for transport 
into the cells.”* The permeability of the cells to rubidium is greatly in- 
creased by carbon dioxide in the presence of a minute concentration of lead 
ions®*® (1 in 25 x 10°). The rate of excretion of rubidium from the blood is 
slow, 59 to 188 days being required for 50% of the initial content to be ex- 
creted in the urine,**° this rate being about half that for potassium.*** Est- 
imates of the extracellular body space using labelled rubidium and potassium 
agree'’* reasonably well. Rubidium may also be completely substituted for 
potassium in maintaining the active transport of water and sodium ions through 
frog skin.*® 

Intravenous injection of rubidium chloride in man and animals causes a 
slight decrease in pH and a marked decrease in the surface tension of the 
Blosd: *0* Rubidium has a very similar effect to potassium on isolated or- 
gans.“”° Injections of rubidium chloride produce a fall in the blood pressure 
in the carotid artery*°® while contraction of the frog heart is decreased by 
rubidium chloride more intensely and more rapidly than by potassium chlor- 
ide.*°7 *** Rubidium ions are taken up by muscles which have contracted 
during perfusion but are not taken up by resting muscles and if taken up the 
ions are not removed by subsequently perfusing with potassium- Ringer solu- 
tion.""* Potassium may be replaced by rubidium in Ringer solution with no 
abnormal effects on the contractionof frogmuscle but at a certain concentration 
of rubidium chloride double contractions occur."** Rubidium behaves like 
potassium in causing contraction and depolarisation of muscle, the effect 
being maximal in 0.1M, rubidium chloride but only about 60% of that produced 
by the same concentration of potassium chloride.“*"” The injury potential 
of snail muscle is lowered by rubidium ions.’ Rubidium, like potassium, 
stimulates nerves by causing depolarisation'?* ** and the mechanism of depol- 
arisation by these two ions is different from that caused by sodium or am- 
monium ions.*** There is a linear relationship between the lowering of the 
membrane potential of amphibian nerve and the logarithm of the external 
rubidium concentration.**° Rubidium ions cause reversible abolition of the 
action current, which may be prevented by calcium ions,’ and also liberate 
acetyl choline from innervated ganglia.*** Rubidium differs from potassium in 
increasing the anelectronic potentials of spinal root nerves whereas potassium 
decreases the potentials.**”" The chemoreceptors of the frog palate are stim- 
ulated by rubidium to about the same degree as by potassium.” Rubidium is 
8 times as active as potassium in causing contractions of the pig uterus.*” 
Violent excitation followed by paralysis is the result of intracerebral injection 
into the frog.'** The anaesthesia caused by magnesium salts is instantly re- 
lieved by injection of rubidium salts almost as effectively as by potassium.*** 
The crop of Aphysia is contracted by rubidium salts*** and the metamorphosis 
of Triton larvae is delayed by rubidium much more than by potassium or sod- 
ium.** 

Solutions of rubidium chloride injected into dogs cause an increase in the 
volume of the kidneys.'® The chloride also stimulates the respiratory centre 
causing an increase in the rate of breathing.**’ Rubidium affects the respira 
tion of brain tissue in the same manner as potassium, the effect of both metals 
being different from that of sodium.’** Rubidium also increases the respiration 
of rat-liver mitochondria in the presence of Krebs- cycle intermediates’ and 
maintains the motility of ram and bull spermatozoa,“ 

Rubidium ions cause a decrease in the respiration of neoplastic and embryo 
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cells;**1?*4?, while the growth of embryos and some tumours is inhibited,“** ** 
other types of tumour are unaffected. 45° The uptake of rubidium ions by 
tumour tissue is much greater than by normal tissue and brain tumours may 
contain 6—19.3 times more rubidium than normal,® *** but this does not seem 
to be true for ben zopyrene-induced tumours in rats.’ 

Rubidium stimulates glycolysis by eae a ee arabino sus cats and also 
by cell-free extracts, the action being presumed to be on. the cell membrane. *° 
The ion also suimulares the acetat e-activating enzyme,” pyruvic phosphofer- 
ase of erythrocytes*** and activates tryptophanase. Urease,*** broad bean 
peroxidase’®® and plant carbonic anhydrase’** are however inhibited. 
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CHAPTER, 5 
CESIUM 
SECTION LXXX 
THE OCCURRENCE OF CARSIUM 


By P.C.L, THORNE AND K.W. ALLEN 


Caesium has been found in the fumarole sublimation products from the crater 


of Vesuvius,’ with 11-5% of caesium in the water-soluble portion. Here also» 


is found avogadrite,* which is KBF, with associated isomorphous Cs BF, (9°5%). 
A caesium biotite, biaxial, with a 1-573, B 1-620, y 1-620, d 3-10 and contain- 
ing 3-14% Cs,O has been found in South Dakota,* and a similar biotite in the 
Ilmen Range in the Urals.* The occurrence of caesium has also been reported 
in other places in the U.S.S.R.°"° but the content of the element reported is 
very low, although several Kazakhstan pegmatites contain 0-1—0-4% Cs, Sources 
in Australia,** Switzerland’* and Arizona’* have also been noted. The presence 
of some caesium is typical of rose beryl and it is suggested that this element 
is the colouring agent.’* Caesium has been found in arable soils*® (0:3—25-7 
mg. per kg.), in both phanerogams and fungi*® (mean content, 22mg. per kg. of 
dried tissue) and also in animals, especially invertebrates.'” In sea water, 
3.4—4+3 x 10°89, per 1. has been found around the Japanese coast.® 
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SECTION LXXXI 
THE PREPARATION AND USES OF CASSIUM 
By J.P. QUIN 


THE PREPARATION OF CAESIUM 


When Mellor wrote the original Treatise, metallic caesium was a chemical 
curiosity which had been prepared only in very small amounts by the thermal 
reduction of caesium compounds with calcium, aluminium or magnesium. No 
work appeared to have been carried out on the preparation of the metal by the 
electrolysis of solutions of caesium compounds in non-aqueous solvents, or of 
caesium compounds in the fused state (Mellor,II,447-450). Since tien con- 
siderably more information has been accumulated on the formation and prepara- 
tion of ti:e metal, but the demand for caesium still remains very small. 

Like rubidium, czsium metal is not manufactured on a commercial scale, 
although it has some applications in industry. In 1946 the world output of 
caesium in the form of ore was estimated to be about 10 Ib.’ and in 1949 the 
production of caesium metal in the United States was estimated to be 1 lb, 
with a potential production of about Lton.* In 1953 the U.S. output was given. 
as 251b.7* No later figures appear to be available, but the production is evi- 
dently very small. It may be mentioned that mixtures of rubidium and caesium 
are frequently marketed as caesium metal.* 


Preparation of Caesium by Chemical Reaction. 

In general the methods of formation and preparation of sodium by chemical 
_ means are equally applicable to caesium (see pages 308,324), so that its prep- 
aration chemically involves either the thermal reduction of: caesium compounds 
or the reduction of caesium compounds with metallic or non-metallic reducing 
agents at high temperatures. 


Thermal Decomposition of Caesium Compounds. 

Czesium is formed by thermal decomposition of caesium azide in vacuo. 
It is necessary to heat the azide to 350°C. to initiate the decomposition which 
is then carried out at 390°C. over a period of three or four days. A yield of 
about 90% is obtained and it is claimed that the metal so produced is very 
pure and completely free from gaseous impurities.* The grey residue remaining 
after the decomposition yields a considerable amount of ammonia on treatment 
with water, indicating that some caesium nitride has been formed.” The 
method has the disadvantages that it is slow and that caesium azide tends to 
decompose with explosive violence under certain conditions. * 

The formation of caesium by the thermal decomposition of caesium cyanate, 
ferrocyanide or ferricyanide has been discussed.’ 


4-7a 


Reduction of Caesium Compounds with Metallic or Non-metallic Reducing 
Agents. 

The preparation of caesium by heating a suspension of carbonin molten 
caesium hydroxide while passing a stream of inert gas through the melt, and 
then removing from the gas the caesium vapour produced, has been patented. Ks 

Czesium is formed in about 75% yield when a mixture of caesium chloride 
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and calcium carbide is heated in vacuo at 700~800°C.? © 

It has been proposed to pass the vapour of the chloride invacuo over solid 
calcium carbide at a temperature preferably between 800—1100°C.,and con- 
dense the caesium vapour so produced.”* 

Metallic caesium may be prepared by the reduction of c@#sium chromate with 
aluminium. In one method an aluminothermic reduction is effected with a 
pelleted mixture of caesium chromate, chromic oxide and powdered aluminium.’° 
The chromic oxide is useful in giving on reduction a large amount of excess 
heat. Sufficient aluminium is used to reduce completely both the caesium 
chromate and the chromic oxide. On heating the pellets an exothermic 
reaction which results in the quantitative formation of caesium is initiated and 
the method has been used for the preparation of caesium in situ in photoelectric 
cells. 

Caesium can also be conveniently prepared by the reduction of caesium 
compounds with alkaline earth metals such as barium or calcium. In one 
such method a small quantity of a mixture of caesium chloride with a solution 
of barium azide is evaporated to dryness at room temperature and then heated 
in vacuo.** The barium azide decomposes at a temperature between 100° and 
200°C., and the barium metal so formed then reduces the caesium chloride to 
give caesium which distils off at a temperature between 250° and 350°C. At 
this comparatively low temperature no trouble arises from the distillation of 
barium. It is essential to carry out the evaporation to dryness at room 
temperature, as at higher temperatures considerable hydrolysis of the barium 
azide to barium hydroxide occurs and this reduces the yield of caesium. 

A satisfactory method of preparing caesium in moderate quantities in the 
laboratory is that due to Hackspill whereby casium chloride is thermally 
reduced with calcium in vacuo to give caesium according to the equation:-***** 


2CsCl + Ca—>CaCl, + 2Cs. 


When an intimate mixture of caesium chloride and metallic calcium is heated 
at 675°C. under a pressure of 0-001 mm. of mercury, the reduction proceeds 
readily and quietly and caesium distils off and is collected in a glass receiver. 
On redistillation in vacuo very pure metal is obtained in a yield of 90%.** 
One sample of caesium made in this way was examined spectrographically for 
purity and found to contain only a trace of sodium.*’ A number of workers 
have used this method with minor modifications for the preparation of small 
amounts of pure caesium and detailed descriptions are available of the ap- 
paratus and technique employed.*?** The reduction has also been carried 
out by heating a mixture of caesium bromide and calcium metal in vacuo at 
600-700°C.*° 

- To obtain caesium in a form which can be easily handled without oxidation, 
it has been proposed to carry out the reduction of a caesium salt with calcium 
and then to alloy the caesium with a metal such as lead, tin, zinc, cadmium, 
silver, strontium, barium or magnesium, from which caesium can be readily 
separated by distillation,?%* 


According to a patent, the reduction of caesium compounds with calcium — 


can also be applied to the production of the metal directly from its ores.?””* 


Thus pollucite, containing 35% of ca#sium oxide as a silicoaluminate, is 
heated at 900°C. for several minutes to remove water, after which 30 g. of 
calcium and 10 g. of pollucite are heated together in vacuo. The reduction 
starts at 750°C. and is completed at 900°C. Caesium distils from the reaction 
mixture as a crude metal which, by subsequent vacuum distillation, may be 
freed from alkaline earth metals and alkali metals other than rubidium. The 
yield of pure caesium is 2-4 g.”° 3 
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It has also been proposed to prepare caesium by the reduction of caesium 
chloride with metallic cadmium.* 

Caesium may be prepared by reducing caesium compounds with iron at high 
temperatures and low pressures.“** This reaction proceeds more readily 
than the corresponding reactions with sodium or potassium compounds, pro- 
vided that it is carried out in vacuo and at such a temperature that the vapour 
pressure of the alkali metal is not greater than 1 cm. of mercury. Reduction 
takes place rapidly at the melting point of the caesium compound. 

When caesium hydroxide is heated with excess of iron under a reduced 
pressure of 0-001 mm. of mercury, a slight evolution of hydrogen indicates the 
start of the reduction at a temperature between 500 and 550°C. At 700°C. 
caesium distils off readily:- 


6CsOH + 4Fe — 2Fe,0, + 3H, + 6Cs. 


The yield of metal, however, does not exceed 50% owing to reaction 
between caesium hydroxide and the iron oxide produced during the reduction 
forming a ferrite which is not readily reduced under the conditions of the 
experiment. 

With caesium sulphate, reduction with iron in vacuo starts about 700-800°C. 
with a slight evolution of oxygen and sulphur dioxide, and proceeds rapidly 
at 1000°C. with the evolution of caesium vapour. At 1100°C. an 80% yield of 
caesium is obtained, but the metal is partially oxidized by the gases evolved 
during the reaction. With caesium carbonate and excess of iron in vacuo, 
evolution of gas starts at about 650°C. and continues up to about 1000°C. 
At this latter temperature caesium vapour distils off in about 50% yield, but 
again the metal is obtained in a slightly oxidized condition. The reaction 
between caesium nitrate and excess of iron under similar conditions starts at 
500°C, with the evolution of a gas containing 10% of oxygen and 90% of 
nitrogen and at 600°C, a 10% yield of caesium is obtained. Analysis of the 
residue left after completion of the reaction indicates that the reaction pro- 
ceeds according to the equation:- 


2CsNO, + 4Fe '—> 2Fe,0, + N, + 2Cs. 


The corresponding reaction with caesium chloride is ineffective because 
ferrous chloride and caesium distil over together and react to reproduce iron 
and caesium chloride.” 

A process has been patented for reducing caesium chloride with a rare- 
earth metal alloy such as mischmetall.”° A mixture of caesium chloride and 
mischmetall is placed in a glass vessel which is then evacuated to a pressure 
of less than 0-001 mm. of mercury and heated to about 270°C. or higher to 
remove occluded gases. Then the mixture is heated electrically in the 
evacuated vessel to effect reduction. 

The reduction of caesium permanganate or dichromate with silicon con- 
taining small amounts of aluminium to give caesium metal has been patented.” 

The reduction of caesium compounds with zirconium has been studied." 
Zirconium has the advantage of being almost completely non-volatile, and by 
choosing a suitable caesium compound it is possible to ensure that the only 
volatile product of the reaction is metallic caesium. The method is recom- 
mended for the preparation of small amounts of casium in the laboratory. 

Caesium bisulphate and zirconium powder in the proportions 1:5, when 
heated in vacuo to about 550°C., react explosively, and whilst the evolved 
caesium vapour condenses on the colder parts of the apparatus as a shining 
deposit in a yield of 70-97%, it is contaminated with non-volatile reaction 
products and unchanged zirconium carried over by the explosion. Caesium 
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sulphate and zirconium mixed in the proportions 1:2 and 1:4 also react ex- 
plosively at about 550°C. to give a 50% yield of caesium containing about 15% 
of oxide and 10% of sulphide, but 1:10 and 1:25 mixtures react smoothly at 
temperatures between 500° and 600°C. under similar conditions (though the 
former may explode on rapid heating), giving caesium free from oxide and 
sulphide.” 

Cesium dichromate and zirconium in the proportions 1:4 react explosively 
at about 320°C. in vacuo, whereas a 1:10 mixture evolves casium smoothly at 
about 380°C. and 1:20 and 1:40 mixtures react smoothly at 500°C. With 
coarse zirconium powder the yield of caesium is about 20%, but the product 
contains 10% of oxide. When the reduction is carried out under similar condi- 
tions using a finer grade of zirconium powder the oxide content of the product 
is reduced, and when 1:20 and 1:40 mixtures are used caesium free from oxide 
is obtained,” 

The reaction of caesium chromate with zirconium requires considerably 
higher temperatures: thus, caesium chromate and zirconium in the proportions 
1:2 react smoothly in vacuo at 725°C., and the yield of caesium is about 50%, 
with an oxide content of 10%. Using a 1:4 mixture, heated to 1000°C., a 90- 
96% yield is obtained of caesium substantially free from oxide contamination.” 

Caesium halides are unsuitable for use in this way because of the com- 
parative volatility of the zirconium halide formed in the reaction.” — 

A number of patents have been taken out for the preparation of caesium in 
situ in electrical discharge devices.**** 


ELECTROLYTIC PREPARATION OF CA®SIUM 


Little attention appears to have been given to the preparation of caesium 
by the electrolysis of caesium compounds either in solution in non-aqueous 
solvents or in the fused state. 

According to a patent caesium is prepared by the electrolysis of a non- 
aqueous liquid comprising anhydrous liquid ammonia, methylamine, ethylamine, 
pyridine or mixtures of these liquids, containing a solution of a caesium salt 
such as the perchlorate or thiocyanate. Iron, copper or carbon is used for 
the cathode and carbon is the preferred material for the anode. 

The concentration of the caesium salt in the anhydrous liquid must be at 
least 2g.-mol./litre. The caesium is deposited as a colloid, suspension, 
paste or metal depending on the concentration of the caesium salt in the elec- 
trolyte. It is claimed that the deposited caesium can be readily separated 
from the electrolyte and obtained in a high degree of purity by evaporation 
of any excess solvent.*** 3 | 

The Ewan process, whereby an alkali metal is prepared by the electrolysis 
of a solution of an alkali metal salt in liquid ammonia in the presence of an 
alkali metal amalgam anode, has been proposed for the preparation of caesium.*” 
The preparation of caesium by extracting the metal from caesium amalgam by 
inert solvents, followed by recovery of the caesium by evaporation of the 
solvent, has been considered.****® According to a patent the efficiency of 
electrolysis of fused alkali hydroxides, including fused caesium hydroxide, may 
be increased by the addition of the corresponding amide to the fused electrolyte 
(see page 337). Similar results may be obtained when caesium nitrate is 
electrolyzed in the presence of auxiliary salts such as caesium amide or 
caesium carbonate.” | | | 

A miniature cell for the preparation of small amounts of alkali metals by 
electrolyzing their fused salts has been described, and it has been suggested 
that the cell may be suitable for the preparation of metallic caesium, although 
this has not actually been attempted.*? In this connexion it may be recalled 
that Kirchhoff and Bunsen stated in 1862 that caesium could not be prepared 
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by the electrolysis of fused caesium chloride.*® Similar results were ob- 
tained by Setterberg,. who nevertheless succeeded in obtaining the metal by 
electrolyzing a fused mixture of 4 parts of caesiumcyanide and one part of 
barium cyanide, using aluminium electrodes.” 

An ‘electrolytic method for preparing caesium metal.in discharge tubes 
has been described,‘? and a patent describes the coating of electrodes in 
discharge tubes with alkali metals such as caesium by the gaseous elec- 
trolysis of a vaporized compound.* 


PURIFICATION OF CAESIUM 


Caesium is readily purified by distillation, preferably in vacuo, and the 
necessary procedure, with a detailed account of the apparatus required, has 
been described by a number of authors.’#***~*° The distillation may be con- 
veniently performed in Jena glass apparatus.** The purification of caesium 
by treating the metal with molten caesium chloride or other inert salts has 
also been discussed.” 

MNANDLING AND STORAGE OF CAESIUM 

The handling and storage of caesium have been discussed.*? Caesium 
may be handled like the other alkali metals provided allowance is made for 
the fact that the metal is extremely reactive and ignites spontaneously in air 
or dry oxygen at room temperature. Storage in the absence of air is therefore 
essential.°? Even when caesium is stored in highly evacuated glass tubes 
the traces of air that are always present react slowly with the metal which 
gradually acquires a golden yellow colour, and if more air is present the me- 
tal rapidly becomes black. An elegant method has, however, been devised 
whereby the metal can be stored for long periods and its characteristic sil- 
very appearance maintained. Caesium is distilled at a pressure of 0°001 mm. 
of mercury into the first of two glass bulbs connected by a constricted tube 
and there sealed off. After it has remained in the apparatus for several 
months and removed all traces of moisture and gases from the interior the me- 
tal is distilled into the second bulb which is then sealed off at the con- 
striction.’? 

A technique for the preparation of samples of caesium suitable for the 
determination of physical properties has been described.'7* The preparation 
of colloidal solutions of caesium has been discussed.’?5»* The toxicity of 
caesium is said to be low.1?24¢ 
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THE USES OF CAESIUM 
The uses of metallic caesium are very limited indeed and the quantities of 
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the metal invoived are very small. Caesium may be used to eliminate the last 
traces of oxygen from vacuum tubes and to obtain a high vacuum in radio 
valves.*~* It is also employed in photoelectric cells, as the sensitivity of 
caesium is particularly strong in the range of visible light so that caesium 
cells are useful in measuring accurately the intensity of that light which is of 
the greatest practical interest.*”® Such caesium cells have found application 
in photometry, in television, in sound cinematography and in controlling motor 
car headlights.*~? It has been proposed to use caesium in a caesium vapour 
rectifier and for some purposes this is said to offer certain advantages over a 
mercury vapour rectifier.* 

Caesium has been used in the manufacture of image storage screens** and 
gas-filled thyratrons,’? and to facilitate the study of grain growth in steel by 
emission electron microscopy.** The use of radioactive caesium isotopes in 
industry and medicine has been discussed.** **’Cs with a half-life of 33 
years can be used inthepreservation of foods,** in the detection of defects 
and misalignment of parts*® and in scintillation spectrometry.*’ 

It has also been proposed to use caesium as a constituent of alloys.’® 
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SECTION LXXXII 
THE PHYSICAL PROPERTIES OF CAEKSIUM 
By W.H. WILSON 


Structure, Atomic and jonic Radii Etc. 


Caesium crystallises as a body-centred cube — at least at low tempera- 
tures.’ ° Lattice constant measurements have given 6°05A. at -170°.,*”* 
6-067A. at -100°C.,° and 613A. at -10°C.® These figures correspond to 
atomic radii of 2°62—2°65A. 

Barrett’ cooled specimens of 98°7% caesium to 1*2°K. and then examined 
them metallographically at 0°C. in a search for a spontaneous martensitic 
transformation similar to that found with lithium and sodium at low tempera- 
tures (see Volume II, Supplement II, pages 32. and 377). All the caesium sur- 
faces were, however, devoid of transformation markings. 

Smali breaks in the plots of electrical resistance and thermoelectric power 
against temperature were observed by Bidwell® in the region of -80°C. and 
were assumed to indicate a transformation from a crystalline form to an 
amorphous form. 

Diffraction of X-rays by liquid caesium has been studied by Randall and 
Rooksby® who found an intensity peak at (sin 0)/\ = 0-111. 

Theoretical treatments of the cohesion in metallic casium have been 
given by several authors*® *? who have calculated the solid-state parameters 
by methods similar to those applied to the other alkali metals (see Volume LI, 
Supplement II, page 380 and this volume, page 2144, 

Various attempts have been made to establish sets of ionic radii from 
which interionic distances in crystals can be obtained by summation.** ** 
On the basis of the experimental interionic distances in NaF, KCl, RbBr, 
CsI and Li,O, Pauling**® constructed a set of ionic radii in which the caesium 
ion had a value of 1°-69A., values for the other alkali ions being Lit, 0°G0A.; 
Na, 0°95A.; Kt, 1-33A.s; and Rbt, 1°48A. Goldschmidt'* in an earlier 
treatment gave 1-65A. for the radius of the Cs* ion. 


Density 


At 18°C. the density of solid caesium has been reported as 1°8920.°° 
‘Low temperature measurements*’ have given densities of 2-09 at 77%. and 
2°13 at 4-2°%K. From X-ray measurements the density at 100%. has been 
given as 1°98.' Calculation of the density and atomic volume at 0%. has 
been discussed by Herz.** 

The density of liquid caesium at its melting point (28-4°C.) has been | 
measured as 1°841.’° 

The increase in volume on fusion was reported by Losana*® as 2.66%. — 
Measurements of the volume increase on fusion at pressures up to 4,000 — 
kg./cm.? have given the following figures:?%”* - . 


Pressure, kg./cm> 1 5CO 1000 1500 2000 2500 3000 3500 4000 
AV, cm?/g.x 107 1°36 1°18 1°05 0°96 0°88 083 0°78 0°75 0°72 
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Mechanical Properties 


As part of his extensive work on the physical properties of substances 
at high pressures, Bridgman”®*® has studied the compression of caesium at 
pressures up to 100,000kg./cm.” Table I is based on his more recent meas- 
urements.**?*° 


TABLE I.- EFFECT OF PRESSTRE ON THE VOLUME 
OF CAESIUM AT ROOM TEMPERATURE 


Fig. 1 compares the compressions of the five alkali metals and it is apparent 
that caesium is the most compressible. 
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FIG. 1.- EFFECT OF PRESSURE ON THE VOLUMES OF THE ALKALI 
METALS AT ROOM TEMPERATURE 


Two reversible volume discontinuities occur with casium at pressures of 
23,300kg./cm.” and approximately 45,000kg./cm.” For the first, the volume 
(relative to that at zero pressure) changes from 0°6284 to 0°6224; for the 
second it changes from 0°498 to 0°442, a volume change of~11%. Both 
discontinuities show the clean-cut characteristics usually associated with a 
phase change. The first corresponds most probably to a change from a 
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body-centred cubic structure to the more closely packed structure of a face- 
centred cube. Such a change of lattice at about this pressure was indicated 
by calculations carried out by Bardeen®® before the experimental observation. 
The second transition, with its very large volume change, has been attributed 
to a rearrangement in the electronic shells of the atom. 82 

At 4.2%.the values of Table II have been obtained for the relative volume 
of caesium at pressures up to 10,000 atmospheres*’ (1 atmosphere = 1+033 
kg./cm.*). | 


TABLE II.- EFFECT OF PRESSURE ON THE VOLUME OF CAESIUM AT 4.2%. 


Relative Volume 


0 

500 
1,000 
1,500 
2,000 
3,000 
4,000 
6,000 
8,000 
10,000 


Bridgman” gave the initial compressibility of caesium at 50°C. as 70 x 
10“*cm.*/dyne. More recent values” for the initial compressibility at low 
Da eats are 48°7 x 10%?cm.?/dyne at 77K. and 43°5 x 107?cm.?/dyne 
at 4°2 Kk. 

From measurements of the velocity of ultrasonic waves in liquid caesium 
(page 2314) the adiabatic compressibility of the liquid metal at its melting 
point is 58-1 x 107%*cm.*/dyne; the isothermal compressibility at the same 
temperature is 67-3 x 107?cm.?/dyne.** 


Surface Properties and Colloidal Caesium 


There appear to have been no experimental determinations of the surface 
tension of caesium, but by the use of general empirical relationships between 
surface tension and other physical properties an estimate of 55dynes cm.” 
has been made for the surface tension at the melting point.’* A consideration 
of. the..co-ordination numbers. of atoms at, the surface and in the bulk of the 
liquid has led to a value of 78dynes cm.” for the surface tension.** Values 
calculated for the surface tension of caesium in various wave mechanical 
treatments***® have shown wide variations (40 to 110dynes cm.™): the treat- 
ment’? that gave the best agreement with experiment for lithium, sodium and 
potassium (q.v.) gave 40 ergs cm.™ for the surface tension of caesium at its 
melting point. . : : 

From surface tension data for fused salts a value of 150 has been cal- 
culated for'the atomic parachor of casium.*® The same value was obtained 
by extrapolation from the straight line plot of the logarithm of the atomic 
number against the logarithm of the parachor for the other alkali metals. 

Caesium dispersions may be prepared by the method that has been widely 
used with sodium (Volume II, Supplement II, page 386), namely by agitating the 
molten metal with the dispersion medium and continuing agitation until the dis- 
persion has been cooled below the melting point of the metal.** Dispersions 
in mineral oil have been used above the melting point of the metal without 
coagulation.*? 

Colloidal solutions of caesium have been prepared by condensation meth- 
ods, the metal and the dispersion medium being evaporated in vacuum and the 
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mixed vapours condensed on a surface cooled with liquid air.**°** Caesium 
sols in ether prepared in this way by Tomashevskii had a dark blue colour 
and were stable for only twenty minutes.** 


Viscosity 


‘Viscosity values for caesium obtained by an oscillating sphere method 
are shown in Table III.’® 


TABLE III.- VISCOSITY OF CAESIUM 


Temperature, °C. | Viscosity, millipoise 


The data have been represented by the following equations: 


* n = 10°14 x 10%e576/T 
and nu’ = 1-029 x 10°%e277/¥T, (uv is the specific volume) 


The latter, which makes allowance for the change of volume with temperature, 
gives slightly the better fit. 


Melting Point and [reat of Fusion 


Using pure caesium obtained by thermal decomposition of caesium azide 
and purified by vacuum distillation, Clusius and Stern**® obtained a value of 
28°64 + 0°17°C. for the melting point. Melting point values obtained by other 
workers on samples of caesium that were being used for the determination of 
other physical properties have included 29-7°C.,7°™ 28+8°C.,** 28-0°C.,*? and 
27-4°C.° The last value was obtained with a sample reported to contain a 
trace of sodium. 

Increase of pressure raises the melting point; determinations at pressures 
‘up to 135 atmospheres have given:"® 


Pressure, atm. 1 50 100 135 
Mapu Ce 28:8 30:0 31°5 32+5 


Other measurements at higher pressures have led to the following values:?°™ 
(1 atmosphere = 1-033kg./cm.’). 


Pressure, kg./cm.* m.p., °C. 


1 29-7 
500 41-4 

1000 51-9 

1500 61+4 

2000 70-2 
25000 783 

: 3000 85-7 
3500 92°4 

4000 985 


The pressure variation of melting point for caesium is compared with that 
for the other alkali metals in Fig. 2. 

A value of 520°1 g.-cal./g.-mole (equivalent to 3-92g.-cal./g.) was ob- 
tained for the heat of fusion of caesium by Clusius and Stern:** this agrees 
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Melting point, °C. 


Pressure, kg./cm? x 10? 


FIG. 2.- THE MELTING POINTS OF THE ALKALIMETALS 
AS A FUNCTION OF PRESSURE 


fairly well with much earlier values*®**’ of about 3°8g.-cal./g. 


Application of the Clapeyron equation to experimental data on the varia- 
tion of melting point with pressure and the volume change on fusion has 
shown the latent heat of fusion to increase from its value of about 3°9g.- 


cal./g. at atmospheric pressure to about 5*4g.-cal./g. at a pressure of 4000 
ow / Cm. ters? | , 


Vapour Pressure, Boiling Point and Degree of Association 


Several experimental methods have been used to determine the vapour 
pressure of caesium. 

Scott*® using a vibrating quartz manometer made measurements between 
50°C. and 115°C. which he represented by the equation 


logp (mm.) = ~3753/T + 7°256 


When a tungsten filament is raised to a temperature higher than 1200%. 
in saturated caesium vapour, the caesium atoms striking the filament are 
ionised, and the positive ion current passing to a negativeiy charged cylinder 
surrounding the filament gives a measure of the vapour pressure.”~** Taylor 
and Langmuir®’ ‘used this method at temperatures from ~35°C. to +73°C. and 
represented the vapour pressure of solid caesium by the equation; 


log, op (mm.) = -4150/T + 10°5460:- 1-00 log, 7 
and that of liquid caesium by: | 


log, oP (mm.) = -4041/T + 11-0531 - 1-35 log, 7 


The equations were considered to be accurate to within 1% from 220%. to 
350°K., within 3% up to 600%., and within about 8% at 1000%. . 
The absorption of caesium spectral lines in caesium vapour has been used 
to obtain relative values for the vapour pressure between 190°C. and230°C.*"™ 
There have been several reviews of vapour pressure data for caesium.**** 
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Ditchburn and Gilmour®™ in 1941 considered the results of Taylor and Lang- 
muir’ to be the most reliable. They adopted equations differing slightly 
(by 1% at 300°K. and by 4% at 250°K.) from those of Taylor and Langmuir 
in order to fit thermal data more accurately. For the solid they gave: 


log,)p (mm.) = -4120/T + 10°446 - 1-Olog,,T 
(within 2% between 275° and 299K.; 
10% between 240° and 299%.) 


and for the liquid: 


log,oP (mm.) = —4042/T-+ 11-176-— 1-4log,,T 
(within 2% between 299° and 350%.; 
10% between 299° and 650%.) 


Temperatures at which the vapour pressure assumes rounded values as cal- 
culated from the equations of Ditchburn and Gilmour are given in Table IV.” 


TABLE IV.- VAPOUR PRESSUREOF CAESIUM 


(Pressure, mn. we [7,%] 


No vapour pressure measurements have been made at high pressures and 
the value in parentheses is extrapolated. Further extrapolation leads to a 
value of 985°. for the boiling point. From other vapour pressure equations 
a boiling point of 958°K. has been deduced.”° 

‘Values, calculated from spectroscopic data, of the dissociation constant 
of diatomic caesium vapour into atoms. are given in Table V® (partial pres- 
sures in atmospheres). 


TABLE V.- DISSOCIATION CONSTANT FOR DIATOMIC CAESIUM VAPOUR 


Log K e Log Pés/P os, | 


From spectroscopic data, the dissociation energy, Do°, of the caesium 
molecule is 0°45e.V, or 10-4kg.-cal./g.-mole.** The U.S. Bureau of Stan- 
dards Selected Value®® for the heat of formation of the gaseous Cs, molecule 
at 298-16%K.-is 27*Okg.-cal./mole. Values for the heat and free energy of 
formation of diatomic caesium vapour from the monatomic vapour are included 


in Table IX (page 2303). 
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eats of Vaporisation and Sublimation 


By the use of data from various sources, Kelley™ has obtained the fol- 
lowing equations for the heat of vaporisation and the free energy of vaporisa- 
tion of caesium: 


AF(kg.-cal./g.-atom) = 19*240 — 3-03 x 10°T 
AF(kg.-cal./g.-atom) = 19*240 = 6-98 x 10°T logT — 4-080 x 1077 


These give at the boiling point (which Kelley takes as 963°K.) AH,,, = 16-322 
kg.-cal./g.-atom and AS,,, = 16-95g.-cal./g.-atom, whilst AH,,,,, = 18-337 
kg.-cal./g.-atom and AF,,,,, = 12°227kg.-cal./g.-atom. 

For the heat and free energy of sublimation Kelley®™ has given the equa- 
tions: 


AE (kg.-cal./g.-atom) = 18°740 + 3-01 x 10°T - 9-1 x 10°T? 
AF (kg.-cal./g.-atom) = 18*740= 6°93 x10 °T logT + 9:1 x 10°T? — 7°40 x 10°T 


These lead to AL,,,,, = 18-828kg.-cal./g.-atom, AF,,,,, = 12231 kg.-cal./ 
ge-atom and AS,,,., = 22-13 g.-cal./g.-atom. | 

The U.S. Bureau of Standards Selected Values™ for the heats, free ener- 
gies, and entropies of vaporisation and sublimation are based on the above 
equations of Kelley. 

Other more recent calculations®® — but still based on much older vapour 
pressure data — have given the heat of sublimation to monatomic and diatomic 
gases at 298°K. as 18°67kg.-cal./g.-atom and 26°63kg.-cal./g.-atom respec- 
tively. At the boiling point (958°K.) the heat of vaporisation to the equili- 
brium vapour is given as 15+75kg.-cal./g.-atom.” 


Adsorption 


In the presence of caesium vapour a strongly adsorbed film of caesium 
is formed on hot filaments of such metals as tungsten, nickel and molybdenum. 
“995° Adsorption of caesium on tungsten and the nature of the adsorbed films 
have been the subjects of extensive investigations.*?-°!’°’"** The fraction, 0, 
of the tungsten surface covered with caesium has been studied as a function 
of pressure and temperature,°*’’” and measurements have been made of the 
rate of evaporation of caesium atoms, caesium ions, and electrons from these 


surfaces, 19 919979689 72977 
At low filament temperatures all the caesium atoms striking the surface 
accumulate there until the surface is practically covered.°”’”* For low 


values of 9, caesium is adsorbed on tungsten as ions; with increasing cover- 
age of the surface the ratio of adsorbed atoms to adsorbed ions increases. 
7079980 The rate of evaporation of atoms at a given temperature increases 
with increasing coverage, whereas evaporation as ions is a maximum at about 
6 = 0-01 and thereafter decreases with increasing coverage.*’”” On increas- 
ing the temperature sufficiently for the filament to'be practically clean, all 
the caesium atoms on the filament are ionised and evaporate as such. Under 
these conditions (above about 1200°%.) all caesium atoms striking the fila- 
ment are ionised (see pages 2298 and 2308). 

The adsorbed caesium lowers the work function of the surface, the lower- 
ing at small values of 6 being proportional to the number of atoms adsorbed.®” 
7977 Asa result of the reduced work function the thermionic emission from a 
caesium-covered tungsten surface is much greater than from a clean tungsten 
filament.*9?51997998972977984 += For example, the electron emission from a tungsten 
filament at 700°K. increases by a factor of about 107° when it is surrounded 
by caesium vapour at room temperature."’*? Taylor and Langmuir’”’’” found 
that the electron emission and the lowering of work function had maximum 
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values at 6 = 0°67. For this coverage the work function has dropped from 
the value of 4-62e.V. for clean tungsten to 1-70e.V.”” 

Caesium is more strongly adsorbed on a tungsten surface that is partly 
covered with oxygen than on a clean tungsten surface, and the work function 
of a W-O-Cs surface is lower than that of W-Cs despite the fact that adsorp- 
tion of oxygen alone on a tungsten surface raises the work function.” 977°" 
Because of the lower work function and because the more tightly bound 
caesium permitsthe use of higher temperatures without serious loss of caesium 
by evaporation, much greater electron emissions are attainable with W-O-Cs 
surfaces than with W-Cs. In order to achieve the high electron emission 
from W-O-Cs surfaces it is first necessary to activate tungsten surfaces 
that have been exposed to oxygen and to caesium vapour by heating for 
several seconds at a temperature of about 1600°%K.°** This allows rear 
rangement of the atoms so that oxygen and caesium are adsorbed on the tung- 
sten surface next to each other. | 

Several reviews have appeared of adsorption and electron emission 
phenomena associated with W~Cs and W~O-Cs surfaces.** ***® Photoelectric 
emission is dealt with on page 2310, 

Adsorption of caesium on calcium fluoride films gives rise to interlamellar 
swelling of the calcium fluoride.*”°* The optical absorption of caesium 
adsorbed on calcium fluoride has been studied (page 2312), 


Specific ILeat, Enthalpy and Entropy 
Specific heat values for solid caesium are shown in Table VI.*° 


TABLE VI.- SPECIFIC HEAT OF CAESIUM AT CONSTANT PRESSURE 


Cp. g.-cal./g.-mole laark: Co g.-cal./g.-mole 


4-72 6-44 
6-49 
6°56 
6-65 
6°81 
7°02 
1°45 
78 

9°8. 
7°62 
7°62 


An irregularity in the specific heat-temperature curve occurs in a region 
between 100 and 200°%., within which there is some evidence of hysteresis. 
As the melting point is approached there is a marked increase in specific 
heat as with the other alkali metals. If oxygen is present there is a sharp 
peak in the experimental specific heat curve at about 270K. resulting from 
thermal effects associated with the caesium-oxy gen system. 7 

On the basis of much earlier work by Eckhardt and Graefe*® and by Ren- 
gade,”* Kelley’? represented the enthalpy or heat content (g.-cal./g.-mole) 
of solid and liquid caesium by the equations: 


Solid: Hp — Haos.ig * 7°24 1 ~ 2,212 (2% accuracy between 298° and 301-5°K.) 
Liquid: Hp —H45..1¢ = 8°00T — 1,885(2% accuracy between 301+5° and 500K.) 
These correspond to 7-24g.-cal./g.-mole for the specific heat of the solid 
and 8°00g.-cal./g.-mole for the liquid. Thermodynamic functions for solid 
and liquid caesium from a compilation by Stull and Sinke® in 1956 are shown 
in Table VII. From low-temperature heat capacity measurements (Table 
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VI)? the enthalpy and entropy of the solid at 298°K. were calculated” as 
1859 g.-cal./g.-atom and 20°16 g.-cal./g.-atom/degree respectively. 


TABLE VII.- THERMODYNAMIC FUNCTIONS FOR SOLID AND LIQUID CAESIUM 


emp., Cp Hr ara SP (FY = tel 
“K. | gecal./gratom/deg. g-cal.&-atom | gzcal./g-atom/deg. | g-cal. -atom/deg. 


Using his value for the entropy of caesium vapour (see‘below) together with 
a value for the entropy of vaporisation (AS,,,,,, = 2213g.-cal./g.-atom/ 
degree) computed from vapour pressure and heat capacity data, Kelley*”™ 
estimated 19°8 + 1°0g.-cal./g.-atom/degree for the entropy of solid caesium 
at 298°16K. In 1952, 19-8g.-cal./g.-atom/degree was taken as the U.S.. 
Bureau of Standards®* selected value at 298-16%. 

_From the vibration frequency, Kelley®® represented the heat content (in 
g.-cal./g.-mole) of diatomic caesium vapour by the equation: 


ET — Hgoyrg = 8°94T — 2,666 (1% accuracy between 298° and 1000K.), 


corresponding toa heat capacity of 8-94g.-cal./g.-mole. | 

Recent calculations® using spectroscopic data have led to the selection 
ofvalues for the thermodynamic properties of monatomic and diatomic caesium 
vapour shown in Tables VIII and IX. 


TABLE VIII.- THERMODYNAMIC PROPERTIES OF MONATOMIC CAESIUM VAPOUR 


T. x. -(F° = H9)/T (H° — H)/T eke pic Co 
r ™ | e-cal./gratom/K. | g-cal./g-atom/K. | g-cal./gratom/©L.. | g-cal./g-atom/K. 
50: 


28°1053 4-9680 33°0733 4-9680 

100 31°5488 4°9680 36°5168 4°9680 
250 36-1009 ~ 49680 41°0689 4°9680 
, 36-5411 4°9680 41°5091 4°9680 
36-9761 4-9680 41-9441 4°9680 

38°4359 4°9680 43-4039 ' 49680 

39-5445 4-9680 44°5125 4°9680 

40-4502 4-9680 45-4182 4°9680 

41°8794 4°9680 46°8474 4-9680 

42-9880 4°9680 47°9560 4°9681 

43°8938 4°9681 48-8619 4°9692 

44°6597 4-9685 49-6282 4-9748 

45°0024 4-9692 49°9716 4-9813 

45°3 232 4°9702 5 0°2934 4-9918 

45-9088 4°9746 90-8834 5°0307 

46°4333 4°9834 51°4167 5°1026 

46-9089 4°9991 51-9080 5°2176 

47°3449 5°0239 52°3688 5°3836 

47-5503 5°0403 92°5906 9°4874 


The entropy of monatomic caesium vapour at 298*16°%K. calculated from 
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the Sackur equation (with Rln2 added to account for the multiplicity in the 
lowest energy state) is 41-95 + 0°01 g.-cal./g.-atom/K.”* For diatomic caes- 
ium vapour, Kelley’* estimated AS),,,,, = 66-6 + 1-5g.-cal./g.-mole/K. 


Thermal Conductivity 


From low temperature thermal conductivity measurements” the variation 
with temperature below 4°. has been represented by the equation 


L/«k = (1°7/T) + 3 x 1077? 


where « is in watt cm. “degree.” 

Making use of the Lorentz number, which relates thermal and electrical 
conductivities, estimates of 0+044g.-cal.cm.”’sec.“degree™ (equivalent to 
0418watt cm.*degree”)* and 0°05 to 0°065g.-cal.cm.“sec.*degree (0°21 to 
0-25 watt cm.“ degree™)’* have been made for the thermal conductivity of liquid 
caesium at its melting point. | 

Magnetic fields up to 5300gauss have been shown to be without effect on 
the thermal conductivity of caesium vapour.” 


Electrical Resistance 


The ratio of the electrical resistance of ca#sium at low temperatures to 
that at room temperature or at 0°C. has been studied by a number of workers,°*’ 
oarserto? but no new determinations of specific resistance have been reported. 
Hackspill’s** specific resistances of 18°1,ohm.cm. at 0°C. and 20-Oyohm. 
cm. at 17°C. for solid caesium and 36-G6yohm.cm. at 30°C. and 37-O0u ohm.cm. 
at 37°C. for liquid caesium remain the most widely accepted values. 

Rather erratic behaviour has been observed in studies of the temperature 
vafiation of resistance. On warming a sample of caesium from liquid oxygen 
temperature to room temperature MacDonald and Mendelssohn*” 
curve of Fig. 3A, showing a discontinuity at about —20°C. which is possibly 
due to some anomaly in thermal expansion in this region. On recooling to 
liquid oxygen temperature and again warming to room temperature the curves 
of Fig. 3B were obtained. Kinks, thought to be due to the presence of other 
alkali metal impurities, have been observed in the resistance curve in the 
region of 4 to 10°%K.'%"*" Below 3-°1°K. the resistance, less the residual 
resistance, shows a fifth power dependence on temperature. 

Measurements of relative resistance over a temperature range covering 
solid and liquid caesium have led to the following interpolated values:-* 


T,°K. -200 -150 -100 -5O 0 +50 +100 
R/R, 020 ~.0°37 4 0:55°— (0570 “Te O0t 871s 


There is the usual increase in resistance as the melting point is reached; 
the resistance of the liquid rises linearly with increase of temperature. 

A thin film of caesium, formed by directing a beam of atoms on to a cooled 
glass surface, will conduct electricity before the number of atoms deposited 
is sufficient for a monatomic layer.*°©*°* At 64°K. conductivity has been 


detected at a thickness of only 0°35A. or 0°06 atomic layers.’°° Both the 


resistance and resistivity of the film decrease with increasing thickness, but 


on stopping deposition the film slowly breaks up and the resistance increases. 
Figure 3 on page 1518 compares the formation and decay of conductivity for 
films of caesium, rubidium and potassium deposited at 90°K. with approximately 
the same beam intensity in each case.’°* Conductivity commenced with 
caesium at a film thickness of about 1°7A., and when the film was 20A.thick 
its resistance was about 140 times that of the bulk metal. Caesium films are 


more stable and have a higher conductivity than those of rubidium or potassium 


Refs. p. 2314 


obtained the | 


82-1 PHYSICAL PROPERTIES 2305 


50: 


Resistance (arbitrary units) 


30 


20 
-180 -I140 -100 -60 70 eet Oe) v= 14Or 52100 = 60 20 +20 


Temperature, °C. 


FIG. 3.- VARIATION OF ELECTRICAL RESISTANCE OF CAESIUM BETWEEN 
LIQUID OXYGEN TEMPERATURE AND ROOM TEMPERATURE 


(see also pages1517,2163), The rate of decay of conductivity after deposition 
stops decreases with increasing film thickness and with decreasing tempera- 
ture. A 5-7 A.thick caesium film is stable at 64°K. but it decays slowly on 
raising the temperature to 90°K. In caesium films approximately 10*A. thick 
the resistivity is only about 4% greater than in the bulk metal.'°® Theoretical 
treatments of the resistivity of thin caesium films have been made,**°7*** 

Caesium films, probably monatomic, deposited spontaneously on the walls 
of glass vessels containing the metal in vacuum are also electrically con- 
ducting. The conductivity is greater than for similar films of potassium or 
rubidium.**? 

Low-temperature measurements of the increase in electrical resistance 
of caesium on applying a magnetic field have been made by Justi*®® and by 
MacDonald.*¥* 

Values for the relative resistance of caesium at pressures up to 100,000 
kg./cm.” are given in Table X.*™ 

The resistance passes through a minimum at 2,500kg./cm.” and then rises 
rapidly with increasing pressure. There is a discontinuity in the electrical 
resistance corresponding to the transition from a body-centred cube to a face- 
centred cube which occurs in the region of 23,000kg./cm.’ (see page 2295). 
At higher pressures, where caesium undergoes an electronic transition in the 
region of 45,000kg./cm.” (see page 2295), there is a sharp cusp in the resist- 
ance~pressure curve. With increasing pressures the cusp occurs at about 
55,000kg./cm.’, but with decreasing pressures it is lower by almost 20,000 
kg./cm.*. 

: A more detailed study of the resistance variation over a narrower pressure 
range (0 to 30,000kg./cm.*) was made earlier by the same author at tempera- 
tures of 30° and 75°C.*** In still earlier work’*® the behaviour at pressures 
up to 12,000kg./cm.” was studied at 0°C. 
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TABLE X.- EFFECT OF PRESSURE ON THE ELECTRICAL 
RESISTANCE OF CAESIUM 


Pressure, | R/R, 
kg./em.” 


0 
10,000 
20,000 
30,000 
40,000 
50,000 
60,000 
70,000 
80,000 
90,000 

100,000 


a) Minimum of 0-80 at 2,500kg./cm.” 
b) Transition at 22,000kg./cm.?; resistances 2-44 and 2-70. 
c) Maximum of 11-2 at 54,950kg./cm.? 


Thermoelectric Properties 


The thermoelectric power of caesium relative to platinum was measured 
by Bidwell® between -—180° and +200°C. (Fig. 4). A small change of slope 
at about -80°C. is followed by a marked increase in thermoelectric power as 
the melting point is approached. The thermoelectric power of the liquid 
decreases with increasing temperature. | 

+16 


+ 
co 


Microvolts /degree > 


0 ip 
Melting 
point 
8 


“=200 ~100 0 +100 +200 
Temperature, °C, —> 


FIG. 4.- THERMOELECTRIC POWER OF CAESIUM 


Measurements of the thermoelectric force of caesium against lead have been 
made at temperatures between 5° and 65°K.'*” Even at 5K. the thermoelectric 
power showed no obvious tendency towards zero. 


Magnetic Properties 


Several determinations of the mass magnetic susceptibility of caesium are 
in close agreement giving room temperature values of 0+22 x 107,***?"*® 0-225 x 
10°** and 0*226 + 0.001 x 10.22 In some earlier studies'**"*** caesium was, 
however, reported to be slightly diamagnetic. The susceptibility varies very 


little with temperature: McLennan et al.*** found the susceptibility at liquid 
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air temperature to be practically the same as at room temperature, whilst 
Lane’® obtained 0°20 x 10° for liquid caesium. McLennan et al."* reported 
that their attempts to reproduce the slight increase in susceptibility at the 
melting point reported by Sucksmith*** were unsuccessful. Forliquid caesium, 
Sucksmith’*”? found a rise in susceptibility of about 0-04 x 10% between the 
melting point and 300°C.; all his. susceptibility values for caesium were, 
however, negative. Béhm and Klemm’ have given the following figures for 
atomic susceptibility (mass susceptibility x atomic weight). 


Temp. °C. -183 +20 +100 
x At. x10° 34:5 29:99 26.5 


Theoretical treatments of the magnetic susceptibility of caesium have 
been given.'74?*? 

The contribution of the caesium ion to the diamagnetism of its salts has 
been evaluated from experimental data on the susceptibility of salts as well 
as by applying purely theoretical methods. A wide variety of values has 
resulted. Values for the susceptibility of the caesium ion in solution derived 
from measurements on its salts include -—45-75,'** —38-3,'77 —37.3'78"*”? and 
~36-8°*° (all to be multiplied by 10°), while values. for the Cs+ ion in crystals 
include ~41-0 x 10°*** and —35+1 x 107.'°?949? ~=Theoretical treatments have 
given the following values for free caesium ions: ~55,'°* ~43,335 -39-5,7°° 
-37°5,°7 -37°21°** and —33-0'* (all to be multiplied by 10%). Klemm**°»** 
in a review of the field has given ~33-4 x 10° as the most probable value for 
the susceptibility of the caesium ion in solution. For the ion in crystals 
he gave —31°5 x 10° when the co-ordination number is 6 and -31-] x 10° 
when it is 8, whilst for the free ion he gave ~34°0 x 10%. Another survey** 
recommends —35°0 x 10° but does not distinguish between the ion in solution 
and in crystals.*** There are a number of useful reviews of methods for 
obtaining ionic susceptibilities and/or of the values resulting from them.**” 
14259144°146 

Measurements of the magnetic moment of the ***Cs nucleus have been made 
by a number of authors;’*’"*** the best value has been given as 2°5771 + 
0°009 nuclear magnetons.” 

As with other metals, the nuclear magnetic resonance frequency of caesium 
in its compounds is lower than in the metal itself (Knight shift).’***? At 
room temperature the resonance shift AH'/H for **Cs with respect to an aque- 
ous solution of caesium chloride is 1°49 x 107 + 0-01 x 10%, being greater 
than for the other alkali metals.** The resonance shift decreases with temp- 
erature and there is a discontinuous decrease at the melting point, but the 
total variation over a 200°C. range including the melting point amounts to no 
more than about 6% of the total shift.‘*® Measurements of the magnetic res- 
onance line width and its temperature dependence have also been made.** 
Chemical shifts of the ***Cs magnetic resonance have been found in solid 
polycrystalline caesium halides.*® 

There has been considerable discussion regarding the spin to be assigned 
to the ‘*°Cs nucleus.'*"*7?, The accepted value*®’ is 7/2. | 


Electrode Potentials 


The standard electrode potential of caesium has been measured by Bent, 
Forbes and Forziati*” using the indirect method due to Lewis (see Volume II, 


supplement II, page 404). The two cells employed were: 


Cs | CsI in dimethylamine | Cs (0-182% amalgam) 
and Cs (0-182% amalgam) | CsOH aq. . | Mercuric oxide reference 
electrode 
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E.m.f. measurements were made over the range 0—30°C. For solid caesium 
the standard electrode potential on the hydrogen scale is -2-923V. at 25°C. 
and -2-952V. at 0°C.: for liquid caesium at 30°C. it is -2.914V. These 
and the values quoted below follow the European convention regarding the 
sign of the electrode potential. Earlier attempts to apply the method to 
caesium were unsuccessful because of the failure to find a solvent fora 
caesium salt that would not dissolve the metal.*”* A standard potential of 
~2°923V. at 25°C. has also been calculated from thermodynamic data.’”® 
From measurements of the decomposition voltages of fused caesium halides, 
a value of -2°909V. has been arrived at for the caesium potential at 18°C.*”* 
From spectroscopic and thermodynamic data, Gapon’” has calculated the 
absolute electrode potential of caesium to be +0°96V. 

Standard electrode potentials for the five alkali metals in aqueous solu- 
tion at 25°C. are compared on page 405 in Volume II, Supplement II. 

The potential of the ionic double layer has been calculated for caesium 
as -0°16V., from which a value of ~-2-86 has been obtained for the potential 
of zero charge (or of the maximum of the electrocapillary curve).*” 

Pleskov has measured electrode potentials of caesium and other alkali 
metals in a number of non-aqueous solvents including liquid ammonia,*” 
formic acid*®® and acetonitrile.*** Table XI on page 47 in Volume II, Supple- 
ment II is based on some of his results. 

Eliectromotive forces for the ceili Cs|CsCl|Cl,, where the caesium chloride 
is in the solid or liquid state, have been calculated for temperatures between 
25°C. and 1500°C. using thermodynamic data.*** Similar calculations for 
other metals permit the construction of an electrochemical series for solid 
and fused chlorides.*** The order of the metals varies slightly. with temp- 
erature. 

The caesium ion was one of those studied by Heyrovsky in his 
first polarographic investigations: he found its deposition potential at a 
dropping mercury cathode in aqueous solution to be -1°837V. relative to a 
normal calomel electrode. Caesium ions may be discharged at a mercury 
cathode in neutral and alkaline solutions without the accompaniment of 
hydrogen evolution because of compound formation between casium and 
mercury and the high hydrogen over-voltage at mercury. Choice of supporting 
electrolyte is, however, limited on account of the very negative potential, 
tetra-alkylammonium halides or hydroxides being virtually the only usable 
compounds.*** With tetramethylammonium chloride or hydroxide as supporting 
electrolyte Heyrovsky has given values of ~2-13V.'** and -2:09V.'*” for the 
half-wave potential of caesium ions in aqueous solution relative to a normal 
calomel electrode. More recent studies have given the half-wave potential 
in 0-1 M.-tetramethylammonium hydroxide at 25°C. as -2+135V. against a 
normal calomel electrode.***»*® Alcohol-water mixtures are frequently used 
in obtaining polarograms of the alkalimetals since they give better developed 
waves than do purely aqueous media. In 50% ethyl alcohol, with 0-1M.- 
tetraethylammonium hydroxide as supporting electrolyte, the half-wave poten- 
tial of caesium is -2°05V. relative to a saturated calomel electrode.*** It is 
‘so close to those of rubidium, potassium and sodium that these four metals 
cannot be differentiated polarographically.** 

At ~36°C. in liquid ammonia saturated with tetrabutylammonium iodide 
as supporting electrolyte, the half-wave potential of the caesium ioni relative 
to a 0«-1 N.-Pb/Pb(NO,), reference electrode is -1-15V.”° 


1835184 


Jonization Potentials and Electronegativity 


Ionization potentials for caesium, in electron volts, obtained by calcul- 
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ation from spectral series limits or by extrapolation along the isoelectronic 
sequences are as follows;*”* 


I eerie vi IT VII 1X X 
get foe 94) ao} G2) | (74), (86) (117) (132) (246) 


Bracketed values have been obtained by the latter method. 

Ionization of caesium can result in various ways, for example, by elec- 
tron impact*®? or by the action of ultra-violet light (see page 2314) or other 
ionizing radiations.'***°* Caesium atoms may also be ionized on hot sur 
faces of metals such as tungsten or platinum since the work function of 
these surfaces is greater than the ionization potential of caesium*?~?7*95"** 
(see pages 2298 and 2300).. 

Caesium has a value of 0*7 on Pauling’s electronegativity scale, values 
for the other alkali metals being Li, 1-0; Na, 0-9; K, 08; Rb, 08.°° 


Optical Properties 


As with the other alkali metals, thin films of caesium that are quite 
opaque to visible light become transparent in the near ultra-violet region 
of the spectrum.’** Transmission starts to become appreciable with 
caesium at about 4400A., a longer wave-length than for any other alkali 
metal.*?? : 

Reflection of monochromatic plane polarised light from free surfaces 
of caesium has been studied by Ives and Briggs*”° who from their measure- 
ments calculated the values of Table XI for the refractive index (n), the 
extinction coefficient (K,), the reflecting power for normal incidence (R), 
the principal angle of incidence (@) and the principal azimuth (ys). 


TABLE XI.- OPTICAL CONSTANTS OF CAESIUM 


aot a [x [ral $ | FF | 


Figure 5 shows optical transmission curves, calculated from the above 
data, for caesium films with thicknesses of 1°25 x 10°, 2:5 x 107 and §-0 x 
10™ cm. 

Earlier measurements of the optical properties of caesium were made by 
Nathanson." Using light of 4550A. to 6800A. he obtained values 
mostly between 0-30—0-35 for the refractive index. He also showed that 
the optical properties of liquid caesium (at 33°C.) were practically identical 
with those of the solid (at 23°C.).7°°?7™* 

The optical absorption of multiatomic layers of caesium adsorbed on 
calcium fluoride (page 2301) is similar to that of thin films of solid caesium, 
there being a rapid decrease in absorption on passing from the visible to 
the ultra-violet region of the spectrum.” For thinner (monatomic) layers 
the visible absorption is very small and there is a gradual rise in absorption 
towards ultra-violet wave-lengths. | 

There have been a number of theoretical considerations of the optical 
properties of caesium and the other alkali metals;*°°** particular attention 
has been directed to the explanation of their transparency in the ultra-violet. | 
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FIG. 5.- OPTICAL TRANSMISSION OF CAE'SIUM FILMS 


Studies of anomalous dispersion in caesium vapour have been made in 
the region of the first two doublets of the principal series.7* 7*° Magnetic 
double refraction (the Voigt effect) has also been studied in caesium vap- 

220 
our. 


Photoelectric Properties 


The photoelectric properties of caesium, like those of the other alkali 
metals, depend on the state of the surface and the film thickness, and are 
very sensitive to the presence of impurities including even slight traces 
of many gases. It therefore becomes difficult to isolate the properties 
characteristic of the pure metal, and many of the effects observed with sup- 
posedly pure caesium probably owetheir existence tothe presence of adsorbed 
gases. Several books on. photoelectricity have paid considerable attention 
to the photoelectric properties of caesium and the other alkali metals.°*??**~?* 

Thick films of gas-free caesium at -180°C. have been reported by Brady 
to have a photoelectric threshold of 6300A. which corresponds to a work 
function of 1-96e.v. Mayer*** gave the work function of thick layers of gas- 
free caesium as 1-94e.V. Theoretical treatments have given values of 2+157”° 
and 2°05e.V.7"” for the work function of caesium. 

As a film of caesium is deposited by means of an atomic beam on a gas- 
free silver surface, the initial effect is that the threshold of the substrate 
moves to longer wave-lengths. Brady*** found that the threshold reached an 
extreme position of 6600A. at a film thickness of 1-5 atomic layers and that 
with further increase of thickness the threshold wave-length returned to the 
value (6300A.) for the bulk metal. The photoelectric emission increased 
with film thickness up to five atomic layers before falling to that for bulk 
caesium. There was no further change in the photoelectric properties beyond 
a thickness of ten atomic layers.”** Brady’s thickness estimates have been 
considered too high because of the neglected roughness of the substrate.””* 


224 


Ives and Olpin®*® obtained an extreme threshold of 8950A. for caesium films 
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on silver. This is very close to the wave-length of the first line of the 
Principal series of caesium (8943A.), and the same correlation was found for 
the other alkali metals. It has, however, been suggested™° that the sub- 
strates probably contained oxygen which is known to cause large threshold 
shifts.. From later work’” it appears that for surfaces completely free from 
contamination there would be no variation of photoelectric sensitivity with 
film thickness. 

For compact layers of caesium, Kluge’? reported four small selective 
maxima at 2400, 2850, 3600 and 5000A., which were attributed to selective 
optical absorption bands of adsorbed caesium atoms. The photoelectric ef- 
ficiency was ~10™* coulombs per calorie at the three shorter wave-length max- 
ima and~0-3 x 10“ coulombs per calorie at 5000A. Admitting hydrogen to a 
Pressure of ~0°3 to 0°4mm. Hg approximately doubled the efficiency at the 
shorter wave-lengths and more than doubled it at 5O00A. 


Composite Photocathodes. 

Many varieties of photocathode have been described in which caesium 
atoms are separated by a dielectric (usually Cs,O) from a metal substrate. 
Caesium itself does not make a satisfactory substrate at room temperature 
because of its high mobility: a thick layer of caesium forms on the Cs,0 and 
the surface has low sensitivity.7** At -180°C., where the mobility is lower, 
only a monatomic layer of caesium forms and the surface has a high sensitiv- 
ity. It is usual to employ a substrate of silver, tungsten, or some other 
metal, and the properties to the final caesium-oxygen photocathode are very 
dependent on the exact method of preparation. | : 

If, at room temperature, oxygen is adsorbed on silver, the excess pumped 
off and caesium admitted, a monomolecular layer of caesium oxide is formed 
between the substrate ard the excess caesium. Such a photocathode has a 
threshold at~9000A. and a maximum response at~6100A."** A surface with 
a thicker caesium oxide interlayer (formed by depositing caesium on silver, 
oxidising the caesium, and finally admitting more caesium) also has a max- 
imum response at~6100A. but its threshold is shifted to~11000A."** By 
heating a clean silver surface in oxygen at 360°C., cooling it, pumping off the 
excess oxygen, and then heating at 300°C. in caesium vapour a photocathode 
is produced which has no maximum in the visible region of the spectrum but 
whose photoelectric emission increases steadily from a threshold at~8000A. 
to a maximum’ at 3500A."*" In this case oxygen ions and caesium ions and 
atoms are considered to be adsorbed side by side on the surface of the silver, 
235 and in the notation of de Boer” the structure of the photocathode may be 
represented [Ag]—O, Cs. 

In a secondclass of composite oxide cathodes a thick layer of silver oxide 
is first formed on a silver surface, excess of caesium is admitted. and the sur- 
face heated to. between 200 and 250°C. whereupon the silver oxide is reduced 
andthere is formed a:thick layer of caesium oxide throughout which particles of 
silver are dispersed.”** Some of the excess caesium becomes adsorbed on the 
surface and in de Boer’s notation the photocathode can be represented! [Ag|- 
Cs,0, Ag-Cs. A glow discharge in oxygen has frequently been used to pro- 
duce the Ag,O layer, the surface to be oxidised being made the cathode.¥*°"™" 
Koller*®® who first made [Ag]-Cs,0, Ag-Cs surfaces found two maxima at 7500 
A. and 3500A. Kluge**® for such surfaces reported a threshold at~12,000A. 
and maxima at ~7500A. and~4,200A., but in-a more detailed examination*™ he 
found two maxima at 3700A. and 2900A. in place of the one at~4200A. Flei- 
sher and Gérlich*** found maxima at 3750A. and 2800A. in addition to that’ at 
7500A., the sensitivities at the maxima being~22 x 10°, ~7+5 x 10° and 25 x 
10° coulombs per calorie respectively. 
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The sensitivities of photocathodes of the above type may be increased by 
introducing additional metal atoms, especially silver and gold, into the caesium 
oxide layer, This may be done by subliming the metal onto the [Ag]~Cs,0, 
Ag-Cs surface after its formation,***-**° or the metal may be introduced into 
the silver oxide layer before reduction with caesium.**’ In the latter case the 
metalmay be evaporated on to the silver oxide or — where the added metal is 
to be silver — a thick layer of silver oxide may be partially reduced with hyd- 
rogen.**7_ Asao,**® for a cathode containing a 5% excess of caesium over that 
required to reduce the silver oxide (originally 70 molecules thick), founda 
sensitivity of 7 to 10uamp./lumen for a light source of colour temperature 
2700°K., but when silver atoms to about two-thirds the number of Cs,O mole- 
cules were evaporated on to the surface and the cathode heat treated the sen- 
Sitivity increased to ~SOuamp./lumen. Cathodes with thicknesses two to 
three times as great as these had their sensitivity increased from 20—30yamp. 
/lumen up to ~95 pamp./lumen by this technique.*** Sewig"**® introduced many 
other metals into [Ag]—Cs,0, Ag—Cs cathodes, and all those studied (Cu, Au, 
Ta, Mo, W, Fe, Ni, Pt) were found to result in an increased sensitivity towards 
white light, tantalum, tungsten and nickel being particularly effective. Intro- 
duction of excess of caesium atoms intothe caesium oxide layer can also give 
rise to an increased sensitivity. This may be done by prolonged heating in 
caesium vapour”*’ or by exposure to a caesium ion beam.** Such treatments 
give rise to surfaces that may be represented: [Ag]-Cs,O, Cs, Ag-Cs. Fig. 
6 shows the spectral response for a surface of this type. 

Hartmann*”’ has reviewed the production of[ Ag]-Cs,0, Ag-Cs photocathodes. 

Photocathodes may also be produced with interlayers containing sulphur, 
selenium or tellurium instead of oxygen. The following table summarises 
their main characteristics.’* 


Threshold, A. Units 10,000—12,000 | 8.500—~10,000 | 7,500—8,500 


Wave-length of maximum 7,000—8,000 4,750—5,300 4750 
response, A. Units 


Sensitivity, .amp./lumen 30—50 | 10—20 
(colour temp., 23G60°K.) 
232 


Caesium hydride*** and naphthalene*™ dielectric layers have also been 
studied. : 

Caesium deposited on a thin layer of calcium or barium fluorides cn a sil- 
ver substrate is photosensitive.”** In both cases the sensitivity at first in- 
creases linearly with the amount of caesium deposited but then, after passing 
through a maximum, it decreases to a value which is independent of further 
deposition. On calcium fluoride the maximum sensitivity is~0-7amp./lumen 
and the final value ~0-S5jamp./lumen, whilst on barium fluoride the maximum 
and final values are~1-8 and ~+0-9uamp./lumen respectively. At the thick- 
nesses corresponding to maximum sensitivity the thresholds are 7000A. on 


CaF, and 7,300A. on BaF,.”** 


Fatigue. 

On continued exposure to strong illumination, composite layer caesium 
photocathodes exhibit fatigue. The threshold wave-length and the wave- 
length of maximum response become shorter, and the sensitivity at the maxi- 
mum also.decreases. These effects are due to (a) an increase in the number © 
of temporarily unneutralised positive caesium ions on the surface and in the 
interlayer, as a result of which there is an increased energy requirement for 
ionisation of the remaining adsorbed atoms, and (b) a decrease in the number 
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of free caesium atoms on the surface because of migration of caesium ions 
from the surface into the interior of the cathode under the influence of the 
applied field.®*?’*5%75° Fig. 6 shows the spectral response for a fresh [Ag]- 
Cs,0, Cs, Ag-Cs photocathode and for one where fatigue has set in after pro- 


longed exposure to white light.”* 


Photoelectric current per unit energy 


4000 6000 8000 10,000 12,000 14,000 
Wave-length in angstroms 


FIG. 5.- SPECTRAL RESPONSE OF AN [Ag]-Cs,0, Cs, Ag~Cs PHOTOCATHODE 
A) IN A FRESH STATE B) AFTER PROLONGED EXPOSURE TO LIGHT 


The rate of fatigue on exposure tolight decreases with increasing wave-length 
and with infra-red light no decrease in sensitivity occurs 5 in fact, 2xposure 
to infra-red light speeds the recovery of fatigued cells.*°°’7*)7** Fatigued 
photocells may also have their sensitivity restored by keeping in the dark or 
by heating for a short time at about 200°C.**** The presence of a large num- 
ber of excess caesium and silver atoms in the caesium oxide layer reduces the 
susceptibility to fatigue.?*° 


‘Alloy! Photocathodes. 

Photocathodes of very high sensitivity can be produced by evaporatinga 
thin layer of a metal such as bismuth, antimony, lead or thallium on to glass 
or quartz and exposing the layer to caesium.**” These surfaces, which were 
first prepared by Goérlich,?*” have the virtue of being semi-transparent. A bis- 
muth~caesium photocathode formed in this way shows a maximum response at 
~4300A. and the response extends to about 7000A."°”"** Exposure to oxygen 
at a low pressure can shift the maximum to longer wave-lengths. Several 
measurements**’-** of the wave-length of maximum response for antimony~cae- 
sium photocathodes have given values of 4200-—4600A.; other studies***"**° 
have given values about 3500A. and have shown the response to extendin the 
ultra-violet to about 1500A. Spectral sensitivity measurements have also 
been made at low temperatures.” For Sb—-Cs cathodes, Luk’yanov’® found a 
yield of 0-3 electron per quantum and a sensitivity of 40-SOmamps. per lumen 
for light having a colour temperature of 2350°K. Using light with a colour 
temperature of 2870°%., Khlebnikow’®’ obtained sensitivities of 60 to 100u 
amps. per lumen for Sb-Cs cathodes and found them to show little sign of fat- 
igue. Other work has given the integral sensitivities of Sb-Cs, As—Cs and 
Bi-Cs cathodes as 70, 40, and 15zamps. per lumen respectively."** The 
sensitivity of Ga-Cs, In—Cs and Tl-Cs cathodes is approximately 1 y»amp./ 
per lumen.” 


The work of Sommer”® azo 


i 


and of others?”°?"* has shown that the active sub- 
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stances in these photosurfaces are intermetallic compounds rather than alloys. 
For antimony~caesium cathodes the intermetallic compound is SbCs,. This is 
a semiconductor, its specific resistance being about lohm cm., a value ap- 
proximately 10° times that for metals and normal alloys. Sommer tried all 
the metals of the fourth and fifth Groups of the periodic table in combination 
with caesium and found that no other alloy had a photoelectric sensitivity as 
high as that of SbCssg. 

These semitransparent cathodes may be deposited on the surface of thick 
caesium oxide photocathodes to give a combined response which is compara- 
tively uniform throughout the visible region of the spectrum.?’*?”6 

Use is made of silver~caesium oxide-caesium surfaces and caesium alloy 
surfaces (in particular Sb-Cs) in commercial phototubes. The preparation 
and characteristics of a number of these are described by Zworykin and Ram- 
berg. 


Photoionization. — 

Photoionization of caesium vapour has been studied by a number of workers 
using a variety of methods.'”?*7""*" The ionization per unit light intensity is 
at a maximum at the wave-length of the principal spectral series (3184A. ) but 
ionization can occur at longer as well as shorter wave-lengths,'%9?77872829288 
That at longer wave-lengths shows small maxima at the absorption lines of 
caesium and is attributed to atoms in highly excited states being ionised by 
collision.*** On the short wave-length side of the series limit, both the ion- 
ization efficiency and the light absorption fall to a minimum at about 2800A. 
and then increase with further decrease of wave-length.'9*’7"""7**"" Presence 
of foreign gases has been observed to decrease the light a bsorption.7*7?7"8 

At the series limit; values of 2-2 + 0-1 x 107,787 2-3 + 0-2 x 10729 780978 
and 6 x 107 cm.? 2™ have been obtained for the atomic absorption cross sec- 
tion. 

Theoretical treatments of photoionization of the alkali metals give a rea- 
sonable measure of agreement with experiment.”*”’?”° 


Miscellaneous Physical Properties 


Ultrasonic waves of frequency 12Mc. [Sec | have a velocity of 967+ 10 
m./sec. in liquid caesium at its melting point.** Between the melting point 
and 130°C. the temperature coefficient is -0- 3m. sec. *degree™. 

By the use of the Stokes—Einstein equation the eoetiiciont of diffusion of 
caesium in mercury at 8-15 °C. has been calculated” from atomic radius and 
viscosity data to be 0-41 cm.” per 24hr., i in reasonable agreement with the ear- 
lier experimental value of 0°45 cm.” per 24hr. at 7+3°C. (Mellor, II, 456). 

An experimental determination?” of the Hall constant of caesium has given 
-0-0078, while theoretically calculated values are —0- -0073”*and-0- 007375." 

The mean free path of caesium atoms has been measured in a number of 
gases including hydrogen, nitrogen, rare gases, and caesium vapour. rite 

Pure caesium compounds are not tadioactive?7™* although commercial 
preparations may contain impurities which impart a feeble radioactivity.*?’° 
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PROPERTIES OF TEE CAESIUM ION 


Some properties of the caesium ion, and some properties that relate to both 
the metal and its ion, have been dealt with under the appropriate sections 
above. Other properties of the Cs* ion will be considered here. 


The Ion in Solution. 

The heat and free energy of formation of the aqueous cae sium ion at 25. 
are ~59-2 and -67-41kg.-cal. g.-ion* respectively. On the assumption of 
equal heat capacities for Cst and I7 ions a value of -15- 9g.-cal. g.-ion “*deg- 
ree” has been obtained for the heat capacity of the caesium ion at infinite 
dilution.” From thermal data for the reaction: 


CsClO, (solid) -> Cs* (aq.) + ClO, (aq.), 


Latimer et al.* computed a value of 31°8 + 0°6g.-cal. g.-ion™ “degree™ for the 
entropy of the caesium ion (relative to that of the hydrogen jon) in aqueous 
solution at 25°C. The U.S. Bureau of Standards selected value’ for the en- 
tropy of the aqueous caesium ion at 25. is also 31°8g.-cal. g.-ion™*degree™. 

After employing a variety of methods to calculate the effective diameter of 
the hydrated caesium ion, Kielland* took a rounded value of 2-5 x 10™°cm. for 
this dimension and then used the Debye=Hiickel theory to compute the activity 
coefficients for the caesium ion in aqueous solution at 25°C. that are shown in 
Table XII. 


TABLE XI.- ACTIVITY COEFFICIENTS OF THE Cst ION IN AQUEOUS 
SOLUTION AT 25°C. - 


Total Ionic Concentration 0-001 | 0:002 | 0-005; 0-01 0-02 0°05 | O-1 0-2 
Activity Coefficient 0-975 | 0-964 | 0°945 | 0-924 | 0°898 | 0°85 | 0°80] 0°75 


A value of zero is obtained for the hydration number of the Cst ion from 
the partial molar volume* — a method that is considered to give a measure of 
the primary hydration (see Volume II, Supplement II, page 56). Higher values 
result from transference, dialysis tnd other We rhode: 

Values calculated for the heat of hydration of the Cs* ion have included 
61,°62°0,° 63,°° 79** and 80°*kg.-cal./g.-ion, while the free energy of hydration 
has been calculated as 59,° 60°8,° and 71° 5**kg.-cal./g.-ion. The entropy of 
hydration has been given as 4° and as 7:0°g.-cal./degree/mole. 

In Table XIII are shown values for the equivalent conductivity or mobility 
of the caesium ion at infinite dilution in water taken from a compilation’® which 
makes use of conductivity and transport data from several sources. 

The values at 0° and 18°C. are said to be reliabie only within several un- 


its; those at 5°, 15°, 25°, 35°, 45° and 55°C. are reliable to within the first 
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TABLE XIII.- MOBILITY OF THE Cs* ION AT INFINITE DILUTION IN WATER 


Temp., °c. 5 15 18] 25 35 45 55 
i 50-0,} 63:1, | 67] 77-2,| 92:1, | 107-5, | 123-6, 


decimal place. Mobilities of the caesium ion in a number of non-aqueous sol- 
vents have been estimated from conductivity data for caesium salts.°**§ 

Diffusion coefficients at infinite dilution may be obtained from the above 
mobility data using Nernst’s limiting formula D° = RT),,/zF?. At 25°C. it 
leads to 2°06 x 10*°cm.’sec.™ for the self diffusion coefficient of the caesium 
ion at infinite dilution in water. An open-ended capillary tube method, making 
use of ***Cs as radiotracer, has given the values of Tables XIV and XV for the 
self-diffusion coefficient of the caesium ion in aqueous solutions of caesium 
iodide and caesium chloride at 25°C.** 


TABLE XIV.- SELF-DIFFUSION COEFFICIENTS OF Cs? IN CsI (AQ.) AT 25°C. 


D x 10°, cm.?/sec, 


Cst Concentration, 
g.-ion/litre 


0-00141 2°091 + 0-020 
0°04765 2°058 + 0-015 
0°1136 2°047 + 0-011 
0°5126 2°076 + 0°037 
0°6900 2°007 + 0:001 


1°195 2°094 + 0-025 


TABLE XV.- SELF-DIFFUSION COEFFICIENTS OF Cs* IN CsCl (AQ.) AT 25°C. 


Cst Concentration, ees 
g.-ion/litre D x 10°,cm."/sec. 


2°055 + 0-020 
2°040 + 0-010 
2-012 + 0°070 
1-990 + 0-010 
1-988 + 0-010 
1°964 + 0°013 
1°841 + 0°010 


The specific viscosity of the caesium ion in 0*1N. aqueous solution has 
been calculated as -0-0075.*” | 

From the work of Okazaki on the Faraday effect of salts in aqueous solu- 
tion the following values of the magnetorotatory power of the Cst ion (in min. 
cm.” gauss”*g.-ion™) have been derived on the basis of a zero value for the 
hydrogen ion:*® | 


Wave-length, A. 5900 5500 5100 4700 4300 3900 3500 
[iM] BOW CaasUsa = 0e8o, 10x e551 e20'* 1695 


Okazaki’s molecular magnetorotation constant, D, (see Volume II, Supplement 
II, page 422) has a value of 3-35 x 10°** for the caesium ion.’® 

The refractivity of the caesium ion in aqueous solution for the sodium D- 
line is 6*24.7° 

Exchange between Cs?* ions and other ions has been studied with synthetic 
cationic exchange resins**~*? as well as with natural exchangers such as clays 
and minerals.*’*° For ions of equal charge the strength of binding of an ion 


by an exchanger increases with decreasing hydrated radius, and in dilute solu- 
tions the adsorption or exchange affinities of alkali metal ions follow the 
series Cst> Rb*>K+>Nat> Lit 74974 
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The Gaseous Ion. 

Caesium ions are readily produced by heating a caesium compound, usually 
mixed with other substances, on a metal filament.*° ** The ions can then be 
accelerated to the required potential in an electric field. A widely used ion 
source**** is that introduced by Kunsman*®*® comprising a mixture of iron 
oxide with about 1% of a caesium compound and, in some cases, with about 1% 
of aluminium oxide. The velocity and saturation current of caesium ions emit- 
ted from a Kunsman anode have been studied by Gille*’ at anode temperatures 
from 650° to 1300°C. Caesium aluminosilicate glasses, prepared for example 
by heating a mixture of aluminium nitrate, ca#sium carbonate and powdered 
quartz in a carbon crucible, have been used by a number of workers.”°""™ A 
tungsten filament heated to a temperature above 1200%. in caesium vapour has 
been used by other workers as a source of caesium ions” (see pages 2298 and 
2300). Caesium ions can also be produced by photoionization and by the action 
of charged particles (see pages 2314 and 2309). 

The heat of formation ofthe gaseous caesium ion is 110°081kg.-cal. ge-ion™ 
at 298°:16K.* 

The mobility of the Cst ion (in cm./sec./volt/cm.) in various gases at one 
atmosphere and 20°C. is as follows*”® 


Helium 19-2 Xenon 0°99 
Neon 6°49 Hydrogen 13-4 
Argon 2°23 Nitrogen 2°25 
Krypton 1°44 


‘ 


Other umeasurements in the rare gases are in close agreement with these fig 
ures. The temperature variation of the mobility has been studied in helium 
between 79° and 492°K.,°* and in xenon between 195° and 450°K." In helium, 
the mobility of Cst ions at constant density passesthrough a maximum at about 
215°K., while in xenon it is practically constant within the temperature range 
studied. Mobility measurements have also been made in helium=-xenon mix- 
tures. Alkali metal ions, in the presence of water vapour, acquire a cluster 
of water molecules which reduces their mobility. The effect of small concen- 
trations of water vapour-has been studied for the Cst ion in helium, neon, ar- 
gon, and krypton,*° and other measurements have been made in water vapour 
alone.* The mobility of Cst ions in a bunsen flame has also beenmeasured.”* 

Ionization of the inert gas by caesium and other alkali metal ions has 
been the subject of several investigations.°°"7"**"** Beeck and Mouzon®*~”° 
found that, in general, an inert gas was most easily ionized by the ion of the 
alkali metal with an atomic number closest to its own. Their values for the 
potentials (ion velocities) required by the Cst ion to ionize neon, argon, kryp- 
ton and xenon were 437 V., 365 V-, 143 V. and 105 V. respectively.°**”° Later 
measurements using a space charge method sensitive to any resulting positive 
ions but unaffected by secondary electrons, which it has been suggested may 
have caused interference in the measurements of Beeck and Mouzan, have 
given argon, 338V.; krypton, 200 V.; and xenon, 77 V.** 

Optical excitation by caesium ions has been studied in the rare gases 
and in mercury vapour. 

Studies have also been made of the reflection of ions and the emission of 
secondary electrons on bombarding a number of metal surfaces with caesium 
ions 33978°78 

The ionic refractivity of the gaseous caesium ion for the sodium pitas is 
6°24." Values for the polarisability of the caesium ion include 2°35 x 107*,” 
2°45 x 10774,°° 2-577 x 107% * and 2°79 x 107%."* Other dielectric parameters 
of the caesium ion have been evaluated.**"** | 
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SOLUTIONS OF CAESIUM 


Caesium dissolves readily in liquid ammonia to give deeply coloured solu- 
tions. The stability of solutions of the alkali metals in liquid ammonia de- 
creases with increasing atomic weight, those of caesium deteriorating quite 
rapidly with formation of amide:* 


Cs + NH, ~ CsNH, + 4H, 


Presence of impurities cafi, greatly increase the rate of decomposition (see 
Volume II, Supplement II, page 427). Whereas it has been reported” that at 
room temperature ahalf-saturated solution of caesium in ammonia is complete- 
ly decomposed in 1 to 2hr.,.other workers* have prepared, in quartz, very dilute 
solutions of caesium in ammonia that could.be kept for several days without 
decoloration. 

Lhe rate of solution of the alkali metals: in liquid ammonia increases from 


‘lithium to caesium.® A zero heat of solution has been found for caesium in 


ammonia.° 
On freezing caesium-ammonia solutions a deep bronze-coloured solid eu- 
tectic is formed; the eutectic temperature is -118°C.” Caesium adsorbed on 
films of solidammonia at -183°C. and a pressure of 10” to 10“*mm. of mercury 
is reported to show the same optical absorption as in solution.’ The absorp- 
tion starts at 5G00A. and increases towards longer wave-lengths. 
Measurements at ~33° and =53°C. of the magnetic susceptibility of caesium 
dissolved in liquid ammonia are shown in Table XVI.” 
Solution of eaceiam has been reported in methylamine, 
and ethylenediamine." “It is insoluble in dimethylamine.™ 
There is complete miscibility of caesium metal with its halides at and 


10911 ethylamine’” 
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TABLE XVI.- ATOMIC =a acne OF CAESIUM IN AMMONIA 
At -33°C. At -53°C. 


g.-atom Cs/litre | Xa x 10° .-atom Cs/litre | Xa x 10° 


0°00415 0°00432 
0-00582 0-00605 
0-00690 0:00718 


above the melting points of the pure halides.’® An unbroken 'S'-shaped liqu- 
idus curve connects the melting point of the salt with the eutectic point which 
is practically coincident with the melting point of the metal. In the case of 
caesium fluoride, for example, the solubility in the metal at 30°C. is less than 


0°001mole%. Fig. 7 shows the major portion of the phase diagrams for the 
systems Cs-CsF, Cs-CsCl and Cs-CsI. 
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FIG. 7.- THE SYSTEMS CAESIUM IODIDE-CAESIUM, CA3SIUM CHLORIDE-CASSIUM 
AND CAESIUM FLUORIDE-CAESIUM 


Although on cooling solutions of caesium in its halides the solid salt that 
separates is essentially pure salt, it contains a smallamount of caesium metal 
which gives it a deep purple-blue-black colour. © 

The heats of solution of caesium fluoride, chloride and iodide in metallic 


caesium have been given as 10 + 0-5, 22 + 2, and 18 + 1kg.-cal./g.-mole res- 
pectively.*§ 
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ATOMIC WEIGI.T AND ISOTGPES 


Up to 1934 the internationally accepted value for the atomic weight of cae- 
sium was 132-81, a value based primarily on analyses of casium chloride, 
bromide and nitrate carried out by Richards and Archibald’ in 1903. The sim- 
ple isotopic nature of caesium as revealed by Aston in 1921 (see below) sug- 
gested an atomic weight approximating more closely to the mass number of 
133, but a further comparison against silver carried out in 1928 using caesium 
chloride purified by recrystallisation of caesium alums substantiated the value 
of 132°81.”. In 1933, Baxter and Thomas** made further determinations of the 
atomic weight using caesium chloride that had been subjectedto a much longer 
purification process. The caesium salt was recrystallised numerous times as 
the nitrate, the perchlorate, and the dichloroiodide before being further recry- 
stallised as the chloride. Spectroscopic analysis showed the caesium chlor- 
ide to be free from potassium and rubidium. The chloride was prepared for 
weighing by fusion in a platinum boat and was compared with silver nephelo- 
metrically, The resulting atomic weight was 132-91 in agreement with the 
value obtained by Aston*’® from mass spectrograph measurements. Use of 
nitrogen, hydrogen andhydrogen chloride atmospheres during the fusion process 
all gave similar values. The only explanation of the lower values obtained 
by the earlier workers has been that the material they used may not have been 
completely free from potassium and rubidium. Further determinations of the 
atomic weight by Baxter and Harrington’ in 1940 using essentially the same 
procedure gave a value of 132-913. 

The value accepted by the International Commission on Atomic Weights 
(1955)* remains 132-91 adopted in 1934.” 

Caesium has only one naturally occurring isotope, namely that with a mass 
number of 133.'°** Mass spectrometric investigation has set the upper limits 
for the natural abundance of other isotopes relative to ***Cs as follows:”” 


*7Cs  1/100,000 
*86Cs —-1/100,000 
**8 sae 1 150,000 
§34Gs5451/6;000 
$2205. 17/45000 
*!Cs  1.,/20,000 
*°Cs_  1/100,000 


A number of caesium isotopes with short half-lives have been produced 
artificially by nuclear reactions. A review, which also summarises methods 
of production and disintegration schemes, lists the following: 


Isotope Approx. Half-Life Isotope Approx. Half-Life 


is 45 min. al 14days 
bas 5°5 hr. “7Cs 33years 
a OF 3 min. fae OC 33min. 
Gnd Bt 31 hr. hh Gi 9 min. 
IEE 30 min. 140-5 66sec. 


continued on following page 
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Isotope Approx. Half-Life Isotope Approx. Half-Life 


pcs 10days e°Cs short 
itd 7 days et 1 min. 
a Oe 2 years ESCs short 
etal Gi 3 x 10° years '4Cs short 


From the plot of mass defect against mass number constructed using the 
accurately known masses of other elements the mass of **3Cs has been estim- 
ated’*® as 132-948 + 0-003. 
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SECTION LXXXIII 
THE CHEMICAL REACTIONS AND ALLOYS OF CAESIUM 
By Mrs. F. DICKINSON 


CHEMICAL REACTIONS 


Caesium is difficult to handle because it burns in air as soon as it is 
removed from an inert covering oil. Reaction with dry oxygen occurs at very 
low temperatures and pressures.’ At -80°C. reaction appears to begin with 
caesium after afew minutes; at-40°C. the metal rapidly darkens but the reaction 
is not accompanied by luminescence. An old statement that caesium is 
scarcely attacked by dry oxygen at ordinary temperatures may perhaps be 
accounted for by the fact that oxidation is arrested by traces of. impurity on 
the metal surface. Oxidation is, however, promoted by traces of moisture.’ 
Caesium amalgam oxidises instantaneously in air or dry oxygen and the reac- 
tion is complete in 4~7 days. The black mass formed gives a vigorous evo- 
lution of gas on treatment with water leaving a green powder of mercurous 
oxide, Hg,O. The amount of oxygen given off corresponds to a composition 
of Cs,0,,, to Cs,0,,,, approaching Cs,0,; the variation in composition is 
probably due to the great reactivity of the amalgam with moisture.° 

Red crystals of the monoxide, Cs,O, are: ‘formed: by partially oxidising 
caesium and distilling off excess metal ‘under reduced pressure.’ The heat of 
formation for the reaction: 2Cs (solid) + 0°5 0, (2) => Cs,0 (solid) is AX 298" 
-75:9kg.-cal.* Other values given are 83- 2* and 82-7. The monoxide is 
also formed by heating the peroxide, Cs,0,.° The total energy change due to 
the formation of the monoxide from its elements is 168kg.-cal.? 

A study of the Cs-Cs,O system in nitrogen shows the existence of a 
number of suboxides of caesium: Cs,0 iM, 23,6% 2Cs ,0. = Gs,0, tune loeae 
10°C. CSO, = = 2Cs-Oneemalcrat 50°C.; Cs,0O = Cs,0 + melt: avenrougs 
aiere are, alas three purectiCs: Cs + Cs,O at -2°C.; Ge ,O-4+ Cs,O at ~8°C; 
and Cs,O + Cs,O, at -12°C. There are apparently no solid solutions. 

The. peroxide, Cs,O0,, 1s obtained by allowing the requisite amount a 
oxygen to be absorbed: a5 caesium, contained in an aluminium boat in an 
evacuated glass apparatus, and then heating to the melting point and chilling 
rapidly. It is formed in an impure state by the rapid oxidation of a dilute 
solution of caesium in liquid ammonia (see also page 2334), and, together with 
some monoxide, when the superoxide is partially decomposed. The heat of 
the reaction 2Cs (solid) + O, (gas) is 120- “5 kg. .cal, The heat of the dissoc- 
lation, 72Cs O.9 =. 2C 5.0.7 On is 41-1kg.-cal. 

The trioxide is formed in a similar manner to the peroxide by the action 
of the calculated amount of oxygen on caesium, by the oxidation of caesium 
in air or by the incomplete dissociation of the superoxide. It is also formed, 
as a chocolate brown powder contaminated with peroxide and superoxide and 
traces of nitrate and nitrite, by the action of oxygen on a suspension of caesium 
peroxide in liquid ammonia. The heat of formation for the reaction 2Cs (solid) 
+ 1-50, (gas) is about 126kg.-cal., and the heat of the dissociation, 2Cs,0O, 
= 2Cs,0, + O,, is 29°7kg.-cal.? 
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The final oxidation product of caesium is the superoxide, 'tetroxide' or 
dioxide, CsO,, and it is obtained at ordinary pressure by melting the metal in 
excess of oxygen. Reddish yellow crystals are obtained on slow cooling. 
At lower pressures a brown coloured product containing less oxygen is pro- 
duced. Long shaking of a solution of caesium in liquid ammonia with oxygen 
yields as the end product of oxidation CsO, with traces of nitrate and nitrite: 
2Cs (solid) +20,(gas) —> Cs,O, + 146-46kg.-cal.? The so-cuiled tetroxide, 
CsO,, has been shown py Helms and Klemm to contain the superoxide ion 
OF as in KO,.° : 

A study of oxygen-caesium films has been made by Borzyak.® Wedge- 
shaped films of caesium on glass produced from a molecular beam have been 
oxidised with oxygen at liquid air temperature. The colourless transparent 
film obtained is shown to have the composition CsO, and to remain unchanged 
on heating to room temperature and above. A white film is also obtained 
by oxidation of caesium at room temperature. This contradicts the reference 
to the reddish-yellow colour of the superoxide. Treatment of this compound 
with caesium vapour at 150—180°C. causes the colour of the film to become 
progressively yellower, whereas Cs,O is described in the literature as red. 
The photoelectric sensitivity is at a maximum while the film is still yellow 
and although treatment of the superoxide with caesium vapour at above 200°C. 
does produce a red colour the photoelectric sensitivity is lower than that of 
the yellow film. Either the statement about the red colour of CsO, is incorrect 
or the optimum photoelectric sensitivity is not linked with the composition 
Cs,O. Electrochemical interactions of caesium and oxygen are described by 
Langmuir.’ 

When ozone is passed into a liquid ammonia solution of caesium an ozonide 
is formed which cannot however be isolated free from ammonia.*® 

Theoretical calculations of the stability of solid and gaseous alkali oxides 
indicate that at 1000°K. all the gaseous alkali oxides with the exception of 
lichium monoxide are unstable and dissociate.’ 

No compound of argon and caesium is formed when an electric discharge 
is passed through liquid argon using a caesium cathode.” 

Caesium decomposes water, on which it floats, giving off hydrogen which 
burns with a red-violet flame. Water condensed as a white solid on caesium 
cooled to -200°C. to -80°C. reacts with slow evolution of hydrogen; the reac- 
tion appears to begin at about -116°C.* The heat of formation, A/Io9g, for 
the reaction: Cs (solid) + H,O (liquid) — CsOH (solid) + 0-5H, (gas) is 
-28-9kg.-cal.* 

When an electrical discharge is passed through hydrogen at a gas pressure 
of 0:1 to 0-05mm. and the hydrogen is allowed to flow through a nozzle 1mm. 
in diameter into a mixing chamber where caesium is heated to produce a vapour 
pressure of about 0.l1mm., a surface fluorescence, i.e. a blue light, already 
described by Bonhoeffer*® is observed but the effect is transient. A four-hour 
exposure with caesium at 200°C. produces no luminescence.** The mechanism 
of reactions involving excited electronic states with particular reference to 
the reactions of the alkali metals with hydrogen has been discussed by Magee 
and Taikei.’? Some chemiluminescent and quenching reactions are considered. 
The reaction M + 2H — M* +H,, where the asterisk denotes electronic excit- 
ation and the prime vibrational excitation, takes place readily with sodium 
at 200°C., slightly with potassium and apparently not at all with rubidium 
and caesium. 

Caesium hydride is formed when hydrogen is passed over heated caesium 
or over the reduction product of caesium carbonate and magnesium. The 
optimum temperature is 580°~620°C.? 
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The values obtained by Herold’? for the dissociation pressures of caesium 
hydride are given in Table I. 


TABLE I.- DISSOCIATION PRESSURES OF CAESIUM HYDRIDE 


The equation logp mm. = -5900/T + 11-79 is also given. The calculated 
heat of formation of caesium hydride from the above data is 13°48kg.-cal. 
per mole.. The value given in Liquid Metals Handbook* for the reaction: 
Cs (solid) + 0-5H, — CsH (solid) is AHo9g = -12kg.-cal. 

Caesium combines with deuterium in a similar way at 320°C. to form 
caesium deuteride, CsD.? 

Hydrogenation of ethylene or carbon monoxide in the presence of caesium 
as a catalyst occurs appreciably at room temperature and more rapidly at 
200°C. The rate of combination with hydrogen is much retarded by the gradual 
formation of caesium hydride.** 

Nitrogen in its normal form does not react with caesium.” According to 
Fischer and Schréter’® when an electric discharge is passed between alkali 
metal electrodes through a liquid mixture of 90% argon and 10% nitrogen 
alkali metal nitrides are formed, but Moldenhauer and Mottig*® have shown 
that nitrogen activated by an electric discharge reacts with the alkali metals, 
sodium, potassium, rubidium and caesium cto form azides. With caesium the 
product also contains a small quantity of nitride formed apparently by the 
decomposition of the azide. 

Caesium in the molten state reacts with graphite, soot and active charcoal 
as already described for rubidium (see page 2175). The carbon swells up as 
it is permeated by metal and disintegrates giving out heat. It has been 
possible to isolate products of constant composition for a fixed range of 
temperature and pressure for the alkali metals potassium, rubidium and caes- 
ium, the last element giving the brown compound, CsC,.*’ Schleede and 
Wellmann*® have studied the structure of the above insertion or lamellar 
compounds; the brown product, CsC,, has a layer lattice with caesium planes 
alternating with the basal planes of graphite. On heating the brown compound 
to a higher temperature alternate metal layers are removed leaving behind 
the black compound CsC,,. Riidorff and Schulze have obtained the following 
compounds: MC,,, MC,;,, MC,, and MC,, by thermal decomposition of MC,— 
where M is potassium or rubidium.*® Herold?® has studied the equilibria: 
3C,M = C,,M + 2M, (where M = potassium, rubidium or caesium), attained 
by passing metal vapour at various temperatures up to 600°C. over graphite. 
The heat of the reaction, Q, where C,,M + 2M (vapour) — 3C,M + 2Q, has 
been determined for all the above alkali compounds and in the case of caesium 
is 10-1 kg.-cal. | 

The compound CsHC, is formed when dry acetylene is led into a liquid 
ammonia solution of caesium; some ethylene is liberated. The rapid heating 
of this.compound in a vacuum at about 300°C. yields transparent crystals of 
the carbide, Cs,C,, which is further decomposed at red heat to the metal and 
amorphous carbon.” 

Caesium absorbs carbon monoxide even at low temperatures and pressures 
forming minute shining yellow spheres. They are insoluble in benzene, 
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ether and ammonium hydroxide and decompose quietly with water. The 
composition corresponds to CsCO, probably Cs,C,0,, because on dissolving 
the substance in dilute sulphuric acid and adding phenylhydrazine a precip- 
itate of the diphenylhydrazone of glyoxal is obtained.” 

Setton”* has measured the heat liberated in the reaction: nCs +nCO > 
(CsCO), by direct determination in a differential calorimeter: AH = -37-96 
kg.-cal. per g.atom of Cs. More recently Setton®® has shown that caesium 
gives ablue amorphous compound when it reacts withpurified carbon monoxide. 
This compound decomposes violently at 250°C. forming resins, and its struc- 
tural formula is believed to be O:C:C(OCs)Cs since acidification yields 
glycollic:acid. If however the carbon monoxide contains traces of oxygen, 
a yellow amorphous compound CsC(:0)C(:O)Cs, stable up to 250°C., is ob- 
tained. This is a derivative of glyoxal, and the first compound, O:C:C(OCs)- 
Cs, is changed irreversibly to the second on treatment with oxygen. 

Caesium reacts with anhydrous hydrogen cyanide in benzene to form small 
white crystals of caesium cyanide.” 

Caesium reacts with mercury to form amalgams (see page 2338), 

Vanadyl trichloride, VOCI,, reacts with caesium even at room temperature; 
at 30°C. the reaction is very vigorous.”® 

The following heats of reaction are given for the action of fluorine and 
chlorine on caesium: Cs (solid) + 0-S5F, (gas) -—> CsF (solid); AHoog = 
-126-9kg.-cal.; Cs (solid) + 0-5Cl, (gas) -» CsCl (solid); AHggg = -103-5 
kg.-cal. 

When gaseous ammonia is passed over molten caesium at 120°C., caesium 
amide, CsNH,, is formed.**7© The amide is a white crystalline solid.2* The 
metal dissolves in liquid ammonia to form the blue solution characteristic 
of the alkali metals. There is no considerable heat effect and the solution 
is less dense than liquid ammonia; it conducts an electric current and is 
strongly paramagnetic. On standing in a closed tube the metal reacts grad- 
ually with liquid ammonia to form the amide and hydrogen. For a half satur- 
ated solution decomposition is complete in 1—2hr.: with 0°3g. Cs per ml. 
of liquid ammonia reactionis complete in 3days.* The reaction is accelerated 
by raising the temperature, by introducing a catalyst such as platinun, iron, 
ferric nitrate or asbestos, and by exposure to ultra-violet light of short wave- 
length. Caesium is more reactive than the other alkali metals; the heavier 
the metal, the more readily it reacts. 

In the presence of a catalyst, platinum black, on a bright day the reaction: 
Cs + NH, — CsNH, + H is complete in 0-25hr.; under comparable conditions, 
for rubidium the time is 0-Shr., for potassium 1-0hr., and for sodium and 
lithium, several days.**** The heat of formation of caesium amide from its 
elements, Cs (solid) + 0-5N, (gas) + H, (gas) —> CsNH, (solid), is 28 kg.-cal.*° 
The heat of reaction, Cs (solid) + NH, (gas) -> CsNH, + 0+°5H, (gas), is 14-4 
kg.-cal.2”7. The amide is also formed together with caesium peroxide, Cs,0,, 
and caesium hydroxide when the metal is slowly oxidised in liquid ammonia. 
On warming, the mixture decomposes with a slight explosion into caesium 
hydroxide, caesium and nitrogen.” 

Caesium dissolves in methylamine, ethylamine and also in tsopropylamine 
with reaction. It is also soluble in ethylenediamine. All the solutions 
are more or less unstable owing to the formation of substituted amides and 
hydrogen. As with liquid ammonia, the solutions are blue.” 

When sulphur vapour reacts slowly with heated caesium in an evacuated 
apparatus with agitation to prevent polysulphide formation, the monosulphide 
Cs,S is formed.? Excess of metal is vaporised at 200°C. Using mercury 
sulphide, HgS, in place of sulphur, prevents the formation of polysulphides; 
on completion of the reaction excess metal and mercury are distilled off at 
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250°C. The mono sulphide is a white solid, the disulphide yellowish brown, © 


m.p. about 460°C.; the trisulphide red, m.p. 217°C.; the tetrasulphide dark 
red, m.p. above 160°C.; the pentasulphide also dark red, m.p. 210°C.; the 
hexasulphide brown, m.p. 186°C. The existence of these compounds was 
demonstrated as a result of thermal analysis of the caesium—sulphur system 
by Biltz and Wilke-Dérfurt®® in 1906. Pearson and Robinson* have reviewed 
the data on the polysulphides of the alkali metals and discussed the mole- 
cular structure. Caesium resembles potassium and rubidium in that the 
highest stable sulphide formed by the action of sulphur on the molten metal 
is Cs,S,, the highest stable sulphides of lithium and sodium being Li,S, and 
Na,S,. The two most stable sulphides of all the alkali metals are the di- 
sulphide, e.g. Cs,S,, and in the case of potassium, rubidium and caesium, the 
pentasulphide, Cs,S,. The amount of water of crystallisation and the solu- 
bilicy in alcohol and water decrease from lithium to caesium. Sulphur reacts 
with the monosulphide of caesium in solution to give Cs,S,H,O, Cs,S,,H,O 
or Cs,S, and Cs,S,. Desulphurisation of the hexasulphide in hydrogen 
yields the disulphide, Cs,S,; in nitrogen the trisulphide is obtained. 

The heat of formation of caesium monosulphide, 2Cs (solid) + S (solid) 
> Cs,S (solid), at 25°C. is -81-1 kg.-cal.* (see also page 2334), 

When hydrogen sulphide is led into toluene containing caesium, caesium 
hydrogen sulphide, CsHS, is obtained in the form of white needles.* 

Caesium reacts with selenium vapour to form caesium selenide, Cs qe: 
The vapour is passed slowly over the metal contained in an evacuated. ap- 
paratus and agitation is necessary to ensure that selenium is always in 
contact with uncombined metal. Excess of metal is distilled off at 200°C. 
leaving a white non-crystalline powder.* The monoselenide is also formed 
when mercuric selenide is used in place of sulphur, excess metal and mercury 
being distilled off when the reaction is completed.**”** 


Caesium monotelluride, formed in the same way as the selenide, isa 


pale yellow non-crystalline powder, m.p. 680°C. with decomposition.**"** The 
hydroselenide and hydrotelluride of caesium are prepared by the action of 
hydrogen selenide or telluride on caesium ethoxide. Air and moisture must 
be excluded. Crystalline compounds are obtained by distilling off the alcohol 
under reduced pressure.*® 

Caesium combines with phosphorus when both are heated together in an 
evacuated vessel at 400~—430°C. forming the reddish-brown compound Cs,P,.” 

Glass is not attacked by pure caesium heated ina vacuum at 100°C.; indeed 
caesium vapour does not appear to attack ordinary giass below 300°C., and 
glass which is well out-gassed is scarcely attacked by caesium vapour up 
to about 430°C. At this temperature the resistance of the glass decreases 
rapidly, the metal being absorbed in larger amounts, and the glass becoming 
brown. Quartz behaves similarly to glass.” 

Molybdenum metal and borosilicate glass may be used to contain caesium 
vapour: the point of fusion however must be kept below 280°C. It has been 
found that heating to 300°C. for 160hr. causes a penetration of 1mm. at the 
point of fusion and heating to 320°C. has the same effect within 5Qhr.*° 

For the storage of caesium in capillary tubes a sodium magnesium boro- 
silicate glass has the advantage that when the end of the tube is sealed, 


caesium reacts with the glass at the ends forming a vitreous material having © 


a coefficient of expansion different from that of the intermediate portions of 


the tube, so that when it is necessary to liberate the contents of the tube the © 


ends can be-removed without shattering the whole body of the tube.’ 

The chemical composition of special glasses for high-vacuum technique 
and resistant to caesium vapour is described by Knapp.** A detailed account 
of the properties of highly siliceous glasses in which cations, including 
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Nat, K+, Rb*+ and Cst+, are "embedded" is given by Ktihne et al.*® Reactions 
of ions, including sodium and caesium ions, in aqueous solutions with glass 
and metal surfaces have been studied with radioactive tracers by Hensley, 
Long and Willard.*° | 

Caesium metal dispersions stable against settling and agglomeration in 
which the dispersed metal does not exceed 50pm in size are obtained by pre- 
paring an emulsion of finely divided molten particles in an inert liquid hydro- 
carbon having a boiling point above the melting point of the metal inthe 
presence of an emulsifying agent. The compounds suitable for emulsifying 
agents are complex addition compounds formed between (a) alkali metal alk- 
oxides, MOR, where M is an alkali metal and R an aliphatic, cycloaliphatic 
or aromatic radical and (0) an alkali metal organic compound in which the 
alkali metal atom is directly attached to an allylic residue, i.e. compounds 
ae least one residue of the structure C:CCM, where M is the alkali 
metal. 

The protection of phosphors, zinc cadmium sulphide, from attack by alkali 
metal vapours is described by Hushley and Siebert.*? In order to prevent 
chemical reaction between the cathode-ray phosphor of an electric discharge 
tube and caesium vapour from the photoelectric surface of the tube, the phos- 
phor is coated with the oxide SiO supported on aluminium. 

Caesium is much more readily displaced from its salts by iron than is 
potassium or sodium.** The b.p. of the alkali metals are: Cs 670°C., Rb 
696°C., K 757°C., Na 877°C. and Li 1400°C. When a mixture of caesium 
chloride and iron is heated at 900°C. for 2:hr. at reduced pressure a revers- 
ible reaction occurs: Fe + 2CsCl = FeCl, + 2Cs. The reaction from right 
to left apparently occurs in the gaseous phase because of the volatility of 
iron chloride. At a pressure of 0-001 mm. caesium hydroxide begins to react 
with iron at 500°C. to 550°C. liberating hydrogen: 3CsOH + 2Fe — Fe,O, + 
3Cs + 1-5H,. A yield of 50% of metal is obtained by heating for 2hr. at 
700°C.; probably a non-reducible ferrite is formed which prevents further 
action. Caesium is displaced from its sulphate by heating at low pressures 
with iron. The reaction begins at 800°C. and is rapid at 1000°C.: 2Cs,SO, + 
3Fe. +>. 4Cs + Fe,0, + FeS + SO, + 1-50,. The metal is partially oxidised 
by the gas evolved in the reaction. Caesium is displaced from its carbonate 
by heating with iron in an evacuated vessel: 2Cs,CO, + 2Fe —> Fe,0, + 
CO + CO, + 4Cs. The reaction begins at 650°C. and is rapid at 1000°C. 
After lhr. at 1000°C. a deposit of lightly oxidised caesium is found in the 
cold end of the tube; 50% of the caesium in the carbonate is liberated. About 
10% of the metal in caesium nitrate is liberated on heating with iron for half 
an hour at 600°C. A gas containing 10% of oxygen and 90% of nitrogen is 
given off. Nickel does not reduce the alkali metal oxides. The pressure at 
which the above reactions are carried out is generally of the order of 10mm. 

Accounts of the properties of the alkali metals have been given up to 
about 1936 by Guillet,* up to 1940 by Klemm*® and up to 1948 by Sidgwick.*® 
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Reactions of Caesium in Liquid Ammonia 


Reactions of solutions of the alkali metals in liquid ammonia described 
in the literature up to about 1937 have been reviewed by Fernelius and Watt’ 
and reactions of inorganic substances with liquid ammonia solutions of metals 


reported up to about 1950 are described by Watt.’ 


In both reviews numerous 


references are given for lithium, sodium and potassium but only a few for 


rubidium and caesium. 


Early references show that the slow oxidation of caesium in liquid ammonia 
with oxygen at -60°C. yields caesium peroxide, Cs,0,, caesium amide, CsNH,, 
caesium hydroxide and some caesium nitrite and nitrate and that more rapid 
oxidation gives the peroxide, trioxide and tetroxide, now known to be CsO,,. 

A white gelatinous precipitate of caesium hydroxide is formed when ozone 


is first led into a liquid ammonia solution of caesium; the blue colour of the 
metal solution disappears and as the reaction continues the precipitate dis- 
solves and a deep orange liquid and a second precipitate form. The compound 
formed is probably an ozonide; it is more stable than the product obtained 
with lithium, sodium, potassium or rubidium under the same conditions and 
contains nearly one atom of oxygen per molecule of caesium hydroxide.* 

The monosulphide, selenide and telluride of caesium have been prepared 
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by the direct interaction of the elements in liquid ammonia solutions of cae- 
sium.*?® 

Caesium hexasulphide, Cs,S,, prepared in situ in liquid ammonia, from 
the stoicheiometric amounts of the elements in the presence of the iodide, 
has been potentiometrically titrated with a standard solution of caesium in 
liquid ammonia. Points of inflection on the titration curve correspond to 
the compositions Cs,S, and Cs,S,.. The dark yellow crystals of the disulphide 
are so sparingly soluble i in liquid ammonia that further reaction with the metal 
solution to form the monosulphide i is very slow.’ 

More recently Féher and Naused have prepared and isolated the crystalline 
polysulphides, Cs,S,, Cs,S,, Cs,S, and Cs,S,, by allowing the calculated 
amounts of the elements to react together in liquid ammonia. The tetra- 
sulphide cannot be obtained in this way.°® 

The heat of reaction of caesium with ammonium ion in liquid ammonia 
at -33°C. has been measured by Coulter and Maybury,® using ammonium chloride 
and ammonium bromide in a liquid ammonia calorimeter. From the value. 
obtained together with the heat of solution of the metal in pure liquid ammonia, 
the heat of reaction with the ammonium ion is calculated to be 41-6kg.-cal. 
The mean value for the exothermic heats of reaction of lithium, sodium, potas- 
sium and caesium is 40°4 + 1kg.-cal., which indicates a close similarity in 
the nature of the dilute solutions of these metals in liquid ammonia. 

Boron trifluoride amine, BF,,NH,, has been treated with an excess of a 
solution of caesium in liquid ammonia and the solution back-titrated with am- 
monium iodide. Caesium behaves like potassium, i.e. one atom of metal 
reacts with one molecule of the ammine. Hydrogen is evolved and the metal 
fluoride and the amide, BF,NH,, are formed. 

Nickel bromide, NiBr,, is “reduced to nickel by the action of caesium in 
liquid ammonia. The rate of solution of the alkali metals in liquid ammonia 
and the rate of reaction with nickel bromide increase from lithium to caesium, 
although with all the alkali metals the rates are too rapid for accurate meas- 
urement. The catalytic activity per unit area of the nickel produced is sub- 
stantially constant whichever alkali metal is used to reduce the bromide.” 

A brown-violet solution is obtained when caesium reacts with lead in 
liquid ammonia.*? 

When Sai is passed into a liquid ammonia solution of ca#sium at 
-40°C. to -GO°C., the monoacetylide, CsHC,, is formed together with some 
ethylene:’ BC Hits2Gs i>. 2GsHiCl ee Con 
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Organic Reactions of Caesium 
General accounts of organometallic compounds including those of the 
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alkali metals have been given by Wooster,’ Sidgwick? and Coates,* with many 
references to original papers. 

Caesium reacts with diethyl zinc to give colourless caesium ethyl, soluble 
in diethyl zinc; it forms as an oily concentrated solution which quickly 
absorbs carbon dioxide and on further treatment with sulphuric acid yields 
propionic acid.* 

The surface of caesium metal becomes black when treated with benzene 
or toluene in vacuum even at room temperatures. Above the melting point 
of the metal, the reaction is rapid with the formation of a black slimy mass 


which has been isolated by decanting off and washing with dry pentane. 


According to the early licerature, since no hydrogen is evolved during the 
reaction the following change is suggested: 3C,H, + 2Cs = 2CsPh +C.H,.° 
Grosse considers that caesium phenyl is not formed in this reaction and draws 
attention to the fact that on treatment with water, diphenyl and not benzene 
is obtained.‘ 

More recently de Postis® has investigated the action of caesium on aro- 
matic hydrocarbons including benzene and toluene. The black compound 
formed with benzene is spontaneously inflammable in air and decomposes 
water giving off hydrogen. Its composition accords with the formula C,H,Cs,; 
it is insoluble in all known neutral organic solvents but dissolves in liquid 
ammonia giving a ruby red colour which quickly turns green; on evaporation 
of the solvent ammonia black needles are formed identical in composition with 
the material formed by the direct reaction of the metal with benzene. The 
considerable encumbrance of the six caesium atoms around the benzene mole- 
cule explains why the compound appears to have the same properties as 
caesium metal. 

Benzene, tert.-butyl benzene, and under certain experimental conditions 
cumene and diphenylmethane all attack caesium without evolution of hydrogen, 
giving sparingly soluble amorphous compounds which attack water giving off 
hydrogen, do not absorb carbon dioxide and behave generally as if they were 
only adsorption complexes of caesium on the hydrocarbon. They do not react 
with alkyl halides. 

Toluene, the polymethyl benzenes, ethylbenzene, itsopropylbenzene, 
tetrahydronapnthalene, diphenyimethane, allylbenzene and similar hydro- 
carbons all attack caesium, hydrogen being evolved in amounts corresponding 
reasonably with the amount of caesium taken up. Generally the products 
are soluble, they are destroyed by water regenerating the original hydrocarbon, 
they rapidly absorb carbon dioxide giving quantitatively the caesium salt 
of the organic acid and they react rapidly with alkyl halides producing methyl- 
ation, benzylation and so on. For example with toluene the following series 
of reactions occurs: PhMe + Cs -—> PhCH,Cs + 0-5H,; PhCH,Cs + CO, — 
PhCH,COOCs; PhCh,Cs. + PhCH,CCl* => PhCH{CH Ph +_ CsCl iT hemormnas 
tion of caesium benzyl has been confirmed by gravimetric analysis. Analogous 
results have been obtained with xylene and mesitylene: MeC,H,Me + Cs — 
MeC,H,CH,Cs + 0-5H,; Me,C,H,Me + Cs -> Me,C,H,CH,Cs + 0:5H, With 
isopropylbenzene the action of caesium is somewhat constrained by the two 
extranuclear methyl groups, and under certain conditions an additive compound 
can also be obtained which cannot be carbonated. The formation of phenyl- 
isopropyl caesium is represented by: PhCHMe, + Cs -> PhCCsMe, + 0-5H,, 
and subsequent carbonation by: PhCCsMe, + CO, — PhC(Me,)COOCs. The 
caesium compound obtained from xylene is a brown insoluble product, that 
from mesitylene orange-red and slightly soluble, while the tsopropylbenzene 
compound with caesium is reddish brown and slightly soluble. 


Pure diphenylmethane attacks caesium at 80—90°C. under vacuum; a blue — 


coloration is first observed, then hydrogen is evolved followed by the forma- 
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tion. of a brown product which can be carbonated. If the reaction is carried 
Out in ether a product is formed which does not absorb carbon dioxide. A 
very rapid quantitative reaction occurs with caesium and allylbenzene in ether; 
the product is bright red and on carbonation gives caesium phenylisocrotonate 
which on treatment with acid yields the corresponding acid: PhCH:CHCH,- 
COOH; on heating, this compound cyclises to a-naphthol. 

Caesium in benzene reacts with di-n-butyl mercury to give caesium phenyl. 
Ordinary molecular hydrogen reduces caesium phenyl at room temperature to 
benzene and caesium hydride. The rates of reaction of the alkali metal phenyls 
with hydrogen already given (see page 2402) show that caesium phenyl is 
more reactive than the other metal phenyls.’ 

In the presence of caesium, ethylene is hydrogenated even at room temp- 
erature; at 200°C. hydrogenation proceeds at a greater rate but comes to a 
standstill after a short time owing to the formation of caesium hydride.* Cae- 
sium, obtained in a finely divided state from a liquid ammonia solution, cata- 
lyses the hydrogenation of ethylene at 200°C. at a medium rate for a longer 
time without change of efficiency. Of all the alkali metals, ca*sium is the 
only one suitable for this reaction because its hydride is so readily dissoc- 
iated. 

The reaction of caesium with acetylene has already been described (see 
page 2330). | 

Phenylacetylene reacts with caesium in ether to give caesium phenylace- 
tenyl. When 0:02mol. of the hydrocarbon in 25 ml. of ether is added to 0°01 g. 
atom of alkali metal, the time required for reaction is 25hr. for caesium, 12 hr. 
for rubidium and 40hr. for potassium. The caesium compound, PhCiCCs, 
like the rubidium derivative, is dark tan in colour. Carbonation of the metal 
phenylacetenyls followed by treatment with a mineral acid yields PhCiC.- 
COOH. The time taken for the alkali metal phenylacetenyls to react with 
benzonitrile increases in the order; PhCiCCs, PhC:CRb, PhCi:CK, PhC:CNa, 
PhC:iCLi. There is no significant reaction between the metal phenylacerenyls 
and ether during the time taken to add the benzonitrile.’° 

The relative reactivities of n-butyl chloride with the alkali metal deriv- 
atives of benzophenone show that the caesium derivative is more reactive 
than the rubidium compound which in curn is more reactive than the potassium 
compound.*° 

Caesium amalgam in ether reacts with triphenylmethyl chloride, Ph,CCl, 
to give a deep blood-red solution of the metal derivative Ph,CCs. The 
reaction apparently takes place in two stages, the free radical, Ph,C, being 
first formed and then adding caesium. The solid powdery product resembles 
the sodium, potassium and rubidium compounds. If dried in the complete 
absence of air, caesium triphenylmethane will redissolve in ether; air and 
moisture decolorise the compound. Caesium metal reacts with criphenyl- 
methyl chloride in ether to form a yellow solution which gradually deposits 
white flocks; after a day, a deep brownered precipitate is formed of a caesium 
organic compound, and the solution becomes orange-red, different in colour 
from the blood-red of solutions of Ph,CCs. Water in the absence of air im- 
mediately decolorises the substance.‘ 

Caesium vapour reacts fairly quickly with diethyl ether." 

An intensely blue, electrically conducting solution of caesium is obtained 
in the dimethy! ether of ethylene glycol.*? 

Caesium dissolves more readily in liquid methylamine and ethylamine than 
in liquid ammonia and gives similar blue solutions. The corresponding 
reaction with isobutylamine gives no blue solution.’ 

Caesium reacts with alcohols in an evacuated system to form caesium 
alkoxides. The solvated alkoxides formed are decomposed by warming the 
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system: CsOMe,MeOH at room temperature; CsOEt,EtOH at 50°C.; CsOPr,- 
PrOH at 100°C. On heating at 330°C., the following reaction occurs: 6CsOMe 
— 9H, + 2Cs,CO, + 4C + 2Cs. Addition of water to the residue from the 
incomplete pyrolysis of the methoxide gives a resin. Similar treatment with 
CsOEt gives a resin and the hydroxide, CsOh. The gases given off in moles 
per mole of caesium ethoxide, gas evolution being complete for each stepwise 
reaction, are as follows: at 225°C., 0°976H, and 0-029C,H,; at 245°C., 0-027 
H, and 0°073C,H,; at 280°C., 0-223H, and 0-178C,H,.  Caesium propoxide, 
CsOPr, begins to decompose at 250°C. and the gas evolved by prolonged 
heating at 260°C. is almost pure hydrogen.** 

When caesium is added to chloroform and the mixture is allowed to stand 
for a short time a vigorous explosion occurs.** 
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CAESIUM ALLOYS > 


Alloys of caesium with lithium, sodium, potassium and rubidium have 
already been described under the heading of 'Alloys' with the appropriate 
alkali metal. ; 


The intermediate phase poorest in alkali metal in the caesium-—cadmium 


system is the crystalline cubic compound, CsCd,, having the side of the 


lattice, a = 13-89A. There are 112 atoms in the unit cell, the alkali atoms 


being surrounded by 24 equally distant cadmium atoms. X-Ray evidence, 
density and analytical data show that the compound is definitely CsCd,, and 
not CsCd,, or CsCd,,. Powder diagram data have been given.* 

The liquidus curve for caesium-mercury alloys shows three maxima corres- 
ponding to the compounds CsHg,, (75-13% Hg); CsHg, (85-80% Hg) and CsHg, 
(90°06% Hg). The following compounds are indicated by the cooling curve: 
Cs,Hg,, CsHg,, CsHg,, CsHg,, CsHgy5 (?), CsHg,, (?).7* ? 

The melting points given are: CsHg,, 208°C.; CsHg, 164°C. decomp.; 
CsHg,, 158°C.; CsHg,5, 73°C.7* The light alkali metals do not form com- 
pounds as rich in mercury as the heavy ones. From the phase diagrams and 
the melting points of the alkali metal~mercury diagrams it is found that the 
m.p. of comparable compounds falls with increasing atomic number of the 
alkali metal. Methods used for the detection of intermetallic compounds 


e.g. X-ray investigation, thermal expansion, determination of electrical re- | 
sistance and of magnetic properties as a functionof concentration and temperature 
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are discussed by Grube’ and reference is made to the alkali metal-mercury 
systems including that of caesium. 

Bent and Hildebrand* have measured the vapour pressures of caesium 
amalgam from 281°C. to 378°C. by a relative method against pure mercury. 
The activity of mercury in the amalgam is plotted against the molar fraction, 
showing the deviation from Raoult’s law. The partial molar heat content 
of mercury is calculated from the temperature coefficient of the vapour pres- 
sures of the amalgams. This gives the free energy of transfer of mercury in 
amalgams over the range 281°C. to 378°C. The activity of the alkali metal 
has been calculated from the known activity of the mercury. 

The e.m.f. of a cell in which the reaction is a transfer of one g.-atom 
of caesium to amalgam is 1.71V. at 25°C. The deviations from Raoult’s law 
expressed as B in the expression loga,/N, = BN? have been plotted against 
temperature and the same value for B found for Cs—-Hg at 497°C., K-Hg at 
307°C., Na-Hg at 25°C. 

Kubaschewski and Catterall® have used the results of Bent and Hilde- 
brand® to evaluate heat and entropy values. The data are somewhat uncertain 
but are given in Table II. 


TABLE II.- HEAT AND ENTROPY VALUES FOR Cs—Hg SYSTEM 


(— 450) 
(-1100) 
(2070) 
(~3400) 
(-5200) 
AGue, AH yg and ASyg are respectively the partial free energy, partial heat 
of solution and partial entropy in solution in calories when 1 g.-atom of mercury 
is assimilated by a theoretically infinice amount of an alloy of constant com- 
position. AVo9g is (volume of alloy — 3 volume of metals)/2 volume of 
metals at 298°K. Values shown in parentheses are uncertain. 

The electrical conductivity of caesium-amaigams is shown in Table III. 


TABLE III.- ELECTRICAL CONDUCTIVITY OF CAESIUM—AMALGAMS 


At.%Cs Wt.-% Cs | Specific Conductivity Relative Conductivity 
| K18°c, x 10 * BOOM Bes0.C) 760°C.) = 80°C: 


1-000 1-000 1-000 1-000 


0°9948 00-9952 00-9953 0-9947 
0-9890. 00-9898 0-9893 0-9879 


The addition of caesium to mercury lowers the conductivity.’ 

The surface tension of dilute caesium amalgams is related to the activity 
of the dissolved metal by the expression dg/d(loga,) = K where a, is the 
activity and g is the surface tension. Caesium atoms alone occupy the surface 
of caesium amalgams.* 

Bering and Pokrovskif® describe a method for the measurement of the 
surface tension of alkali-metal amalgams by observation of the maximum 
pressure of drops in vacuo. The results given in Table IV are due to Semo- 
chenko, Bering et al.*° 

The thermal expansion coefficient of ca#sium amalgam from the f.p. to 
30°C. increases linearly with concentration at a greater rate for caesium than 
for potassium amalgam. The specific volume increases linearly with concen- 
tration. The deduced atomic volumes of caesium and potassium differ by only 
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TABLE IV.- SURFACE TENSION OF CAESIUM—AMALGAMS 


Concentration Surface Tension 
g.-atom/1. dyne/cm. 


0-000708 
0-000810 
0.000918 
0-00180 
-0:00297 
0:00409 
0:00533 
0°01053 
0-01066 
0:0359 
0-0535 


10% and are respectively 50 and 30% less than in the pure metal. The con- 
traction decreases with increasing temperature. The viscosity of caesium 
amalgam is represented by the equation 7 = 7, exp. g/RT with n, independent 
of temperature. For pure mercury gq = 657:9g.-cal.; for caesium amalgam 
containing 0-191 at.%Cs, g = 690-4g.-cal.** 

When pollucite(1 part) is heated in a vacuum furnace at 900°C. with calcium 
(3 parts), caesium is obtained, but if more calcium is used a non-volatile 
calcium—caesium alloy is formed.*? 

The reaction between acid solutions and caesium amalgam has been studied 
by Fraenkel et al.** Reproducibility of results is difficult to obtain because 
many variable factors are involved. If platinised platinum is used instead 
of smooth platinum against a N. calomel electrode, consistent results are 
obtained for the e.m.f. The rate of reaction is dependent on the hydrogen 
ion concentration, on the rate of stirring, and on the volume and surface area 
of the amalgams. 

When silicon or germanium is heated with excess of ca#sium at 600°C. 
to 700°C. in an inert atmosphere and the excess of metal distilled off in vacuo, 
a crystalline compound is obtained, with one atom of silicon or germanium 
per atom of caesium, i.e. CsSi or CsGe. These compounds are decomposed 
by acids, alkalis or water. On heating in a vacuum the compound CsSi is 
decomposed to CsSi,.** The degradation product of CsGe by thermal decomp- 
osition in a vacuum appears by X-ray studies to be CsGe,. The crystal lattices 
of CsSi and CsGe are cubic with sides a = 13.51 and 13-G7A. respectively. 
There are 32molecules per cell and the experimental and X-ray densities are 
respectively 3-48, 3-45 for CsSi and 4-28 and 4-31 for CsGe. Whether or not 
there is any relation between these compounds and those of graphite is not 
yet known.’* 

The sensitivity of phosphorus and arsenic compounds of the alkali metals 
towards air and moisture, the attack by these compounds on the container 
materials and the relatively high dissociation pressures cause difficulties 
when attempts are made to prepare homogeneous substances by thermal decom- 
position. The compound Cs,P has not yet been prepared. When caesium 
vapour is allowed to react with red phosphorus small black needles of the 
approximate composition CsP,, are obtained. The compound Cs,P, is con- 
sidered to be a polyanionic compound similar to the polysulphides.* 

Jack and Wachtel’® have prepared caesium—antimony alloys by heating 
caesium vapour with antimony powder at 200°C.—210°C. for 10hr. in a hard 
glass tube previously evacuated to about 5 x 10’mm. The antimony powder 
increased in volume and changed colour from metallic gray to black. Caesium 
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antimonide is described as the most efficient photo-emitter known and has 
found wide application wherever photomultipliers and photocells are used. 
The above authors give many references to earlier work on the exceptional 
photo-electrical Properties of caesium antimonide and have themselves carried 
out an X-ray investigation of its crystal structure. The caesium antimonide 
of composition Cs,Sb was the only one to give X-ray photographs suitable 
for detailed structural analysis. Caesium antimonide has been shown to bea 
"normal valency" intermetallic compound with a small range of homogeneity 
near to the composition Cs,Sb. The cubic unit cell has a = 9-147 + 0-OOLA. 
The semi-conducting properties of the antimonide are explained by a filled 
Brillouin zone containing two electrons per atom. The photoemissivity of the 
antimonide is also discussed. 

The semi-conductor properties of the system caesium-antimony have been 
investigated by Suhrmann and Kangro’’ who give a plot of log « (conductivity) 
versus 1/T for Cs,Sb. The valence electrons of this compound are not as 
firmly held as in the corresponding potassium alloy, K,Sb. Sommer'*s? had 
previously shown that the specific resistance of the caesium alloy is of the 
order of lohm per cm.-cube which is 10°times that of metals and normal 
alloys, and that it must be classed as a semi-conductor. 

The molar volume of Cs,Sb is given as 116, whereas the sum of the atomic 
volumes of the components is 219. The calculated molar volume of Cs,Sb, 
assuming that it has a salt-like structure, is 138 whereas the calculated 
value assuming it to be an intermetallic compound is 117.”° 

Specimens of the composition Cs,Sb have been prepared by Jack and 
Wachtel;** X-ray examination shows the presence of caesium antimonide, 
Cs,Sb, with some free metallic antimony, the side of the cubic lattice being 
about 9-14A. A sample corresponding to the composition Cs,Sb gives very 
diffuse reflections of the antimonide, and a cubic lattice side of 9°19A. 
This specimen presumably contains free caesium. Compounds of composition 
Cs,Sb, or Cs,Sb, are probably poly-compounds.” 

Caesium—indium films, like caesium—antimony films, are shown by Suhr- 
mann and Kangro’’ to have a negative electrical resistance coefficient. 

The caesium—bismuth system contains several phases, Cs,Bi, CsBi, and 
CsBi. The compound Cs,Bi has a typical intermetallic structure; its molar 
volume, 121, is much less than the sum of the atomic volumes of its com- 
ponents, 219. The calculated values for a salt-like or ionic structure and 
for an intermetallic compound are 138 and 117 respectively. The composition, 
CsBi,, also has the cubic structure of an intermetallic compound; its molar 
volume is 70-0 whereas the sum of the atomic volumes is 108 and the calcul- 
ated values for an ionic structure and for an intermetallic compound are 80 
and 71 respectively. A much greater difference in electronegativity of the 
two components of an alloy and a stronger.contraction of molar volume occur 
for cubic than for hexagonal structures. A much lower electronegativity 
difference and lower % contraction of the free atoms are shown for the hexa- 
gonal structures, CaLi,, TiBe,, CaMe, and poles than for the cubic structures, 
CaAl,, KBi,, RbBi, and CsBi,.’° 
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SECTION LXXXIV 
CAESIUM HYDRIDE 
By N.M. HOPKIN 


Caesium hydride is prepared’ by heating caesium carbonate with magnesium 
in the presence of hydrogen. The reaction with magnesium takes place at 
300°C. and the caesium vapour combines with hydrogen at 580-620°C.; after 
26hr. 48% of the caesium will have formed the hydride. Caesium deuteride”® 
can be prepared by reducing deuterium oxide with iron and causing the deut- 
erium to react with freshly distilled caesium. The reaction with deuterium 
takes place at 360°C., but it is slower than that for hydrogen. The dissocia- 
tion pressures can be calculated from the equation:- log p = (a/T) + 6 where 
a and b are -3475°5 and 7:50 for the hydride and —2695°5 and 8°68 for the 
deuteride respectively. These differences suggest a method for separating 
the isotopes of hydrogen. The heat of formation for caesium deuteride is 
17,700kg.-cal. Caesium hydride can also be prepared* by mixing the molten 
metal with finely-divided sodium hydride and 01 to 1-0 wt.-% of fatty acid con- 
taining more than 8 carbon atoms, e.g. stearic, oleic, or palmitic acid etc. or 
one of their metal salts. Hydrogen is introduced and the reaction maintained 
at 200-450°C. A hydrocarbon with more than 8 carbon atoms, e.g. isopropyl- 
benzene, which forms a hydrocarbide with the alkali metal, may be used in- 
stead of the fatty acid. .In this case the vapours of the hydrocarbon are in- 
troduced into the stream of hydrogen entering the reactor. 

Caesium hydride has also been prepared’ by introducing tinely divided 
pure caesium into the reaction vessel by distillation and ailowing 1t to react 
with pure hydrogen generated in situ by the decomposition of potassium hy- 
dride. Caesium reacted below its m.p. with 0°53c.c. of combined hydrogen 
per sq. cm. of surface area per hr. at 100°C. The hydride did not dissolve 
in the caesium metal up to 150°C. Pure hydrides free from the metal can be 
prepared at 3 atm. and 50°C 

The density® of caesium hydride has been determined pycnometrically and 
found to be 3°42+0:1. The previous values of Moissan are too low. When 
hydrogen is taken up considerable contraction of the lattice, 44°9%, takes 
place; it is greater in the case of the alkali metals than it is with the alkaline 
earth hydrides. The radius of the H ion is 1-45 A. 

The latent heat’ of sublimation has been calculated for caesium hydride 
from spectroscopic and thermochemical data and the following figures are 
given. The heat of formation of caesium hydride is 12°0, the latent heat of 
sublimation 38¢5, and the heat of dissociation 43°8kg.-cal./mole. The fig- 
ures for rubidium hydride are similar, but the latent heat of sublimation is 
slightly higher. 

The calculated dipole moment® of caesium hydride is 7°47 debyes, and the 
corresponding lattice energy’ is 154kg.-cal. when Hyleeraas’ value for the 
electron affinity for H~ of 17+1kg.-cal. is used. When caesium atoms are 
adsorbed on calcium fluoride films they readily adsorb hydrogen,*® which is 
liberated when irradiated with light of wave-length 2500-3000 A. The adsorp- 
tion is at a considerably longer wave-length than for the alkali metal halides 
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because of the low electron affinity of the hydrogen atom. 


84-1 


The interatomic distance*’ in the caesium hydride molecule has been cal- 


culated from spectroscopic data and is found to be 2°494 A. 


The dissociation 


pressure of caesium deuteride’? increases more rapidly with increasing tem- 


perature than does caesium hydride. 


The dissociation pressure is within 


+2mm.Hg up to 210°C., but at 320°C. it is 80°4mm.Hg for caesium deuteride 
and only 36°0mm. Hg for caesium hydride. The experimental values for caesium 


hydride in the temperature range 245°5°C.—415¢5°C. fit the equation:** 


log p = ee + Le 279 


The heat of formation was calculated to be 13,940g.-cal. for caesium 


hydride. 


Application 


If caesium is heated with a metal halide above the m.p. of the halide in 
the presence of hydrogen, but below the dissociation temperature of caesium 
hydride, a stable solid solution’ of the hydride in the halide is formed. This 
is less hazardous to handle than the free hydride and can be used as a drying 


or reducing agent. 
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SECTION LXXxXV 
CAESIUM OXIDES AND HYDROXIDE 
By L. F. WILSON 


CAESIUM OXIDES 
The following oxides of caesium are known; 


Cs,O — caesium monoxide. 
Cs,0, — caesium peroxide. 
Cs,0, — caesium sesquioxide. 
CsO, — caesium superoxide. 


In general these oxides are very similar to the corresponding oxides 
of rubidium and they are prepared by methods analogous to those used for 
rubidium oxides.» * Complete oxidation of caesium metal in air produces 
the superoxide. The lower oxides are prepared by controlled oxidation 
of the metal, either in the solid state or in liquid ammonia solution. 

In addition to the normal oxides of caesium, suboxides having the general 
formula Cs,O, where x>2, have been reported.© The caesium-oxygen system 
has been studied in the range Cs-Cs,O by measurements affording tempera- 
ture-resistance curves and by X-ray diffraction techniques.’ The various 
- suboxide compositions were prepared by incomplete oxidation of the: metal 
and by addition of the metal to the monoxide. The phase diagram for the sy- 
stemis givenin Fig.1 and is essentially the same as that given by Rengade.® 
The existence of four suboxides, Cs,O, Cs,0, Cs,0, and Cs,O, and a eutectic 
point at the composition CsO,,..9. is confirmed. 

Caesium monoxide has a reddish-brown colour in the cold and becomes 
dark brown when hot. X-Ray powder diffraction studies suggest that the 
compound crystallises in the hexagonal system with the anti-cadmium chlor- 
ide, CdCl,, type structure. Single crystals of caesium monoxide have been 
prepared.® They are orange-yellow in colour, show a tendency to develop 
basal planes and exhibit shearing disorder when freshly pulverised. Single 
crystal X-ray diffraction studies confirm that the structure is of the anti- 
cadmium chloride type. The space group is D§ and the hexagonal unit cell 
has the dimensions a = 4:256A. and c = 18°99A. The caesium-oxygen 
distance in the lattice is 3°01A. and the caesium—caesium distance is 3*77A.° 

The melting points, dissociation temperatures at atmospheric pressure, 
and heats of formation of caesium peroxide, sesquioxide and superoxide are 
given in Table I.?” 


TABLE I.- MELTING POINTS, DISSOCIATION TEMPERATURES AND HEATS OF 
FORMATION OF CAESIUM OXIDES 


jOxide | mp. | Dissociation temperature Heat of formation 


120-5 kg.-cal./mole 


’ 126-0kg.-cal./mole 
141°0kg.-cal./mole 
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oe a PHASE DIAGRAM FOR SYSTEM Cs-Cs,0 


The reactions 4CsO, =. 2Cs,0, +0, = 34Cs,0, 4.20 ..ate fevers pieson 
within certain temperature limits outside which association does not take 
place.’ 

Caesium sesquioxide crystallises in the cubic system, a = 9-86A., and 
the structure is of the anti-thorium phosphide, Th,P,, type. The density, 
calculated from the unit cell dimensions, is 4-25. As in the case of rubidium 
magnetic susceptibility measurements on the sesquioxide suggest that the 
true formula is Cs,0, or Cs,(O,),. One oxygen group carries a double nega- 
tive charge and the other two carry single negative charges, the caesium— 
oxygen distances being 3°-74A. and 3°12A. An explanation of the dark 
colour of caesium sesquioxide has been proposed in terms of the electronic 
structure.’»*° 

The colours of the alkali metal superoxides deepen as the atomic number 
of the metal increases and caesium Superoxide is reddish-yellow. The com- 
pound is parama gnetic and the magnetic susceptibility is 27-3 x 10% and 
her 10°° at -183°C. and 25°C. respectively.6 The compound crystallises 
in the tetragonal system, a = 6*28A., c = 7-24A., and the structure is of the 
calcium carbide type. 

Cae sium amalgam is spontaneously oxidised by air or oxygen at room 
temperature.» The reaction is complete in four to seven days and gives 
oxides of the composition Cs,0,,,-Cs,0,,,. The caesium oxides thus formed 
oxidise some of the mercury of the amalgam to mercuric oxide. 

The reaction between oxygen containing some ozone and caesium hyd- 
roxide gives an orange coloured product which contains active oxygen.” If 
the gas used is anhydrous, the reaction is very slow, and moisture appears 
to play an important part.’® Extraction of the ozonised caesium hydroxide 
with liquid ammonia and evaporation to dryness gives a red solid containing 
64—67% of caesium ozonide, CsO,, the rest being caesium hydroxide. 

The ozonide reacts violently with water and acids yielding oxygen, 
flashes of light accompanying the decomposition. The compound liberates 
iodine from an acidified potassium iodide solution but otherwise gives nega- 
tive tests for peroxides. The decomposition of caesium ozonide at room 
temperature is very slow, but on heating to 170°C. the compound decomposes 
into a mixture of a white and a yellow solid which gives the tests expected 
for caesium superoxide. 
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‘CAESIUM HYDROXIDE 


Caesium hydroxide is prepared by methods similar to those used for the 
preparation of rubidium hydroxide.’?? Small quantities of caesium hydroxide 
are readily obtained using the cell described by Thomas.® The electrodes 
are mercury and the process is made continuous by circulating the caesium 
amalgam from the cathode pool through a tube, where it is decomposed by 
water to give caesium hydroxide, and returning the mercury to the cathode. 
Evaporation of the hydroxide solution at 180°C. gives the monohydrate, 
CsOH,H,O, which can be dehydrated by heating for an hour at 400°C. in 
vacuo. 

The lattice energy of caesium hydroxide is 136kg.-cal. /mole." The 
limiting conductivity of an aqueous solution of caesium hydroxide is 269*5.° 
Values of the density, equivalent conductivity, A, and activity coefficient, 
y, of caesium hydroxide solutions are given in Table I. 


TABLE I.- DENSITY, EQUIVALENT CONDUCTIVITY AND ACTIVITY COEFFICIENT 
OF AQUEQUS SOLUTIONS OF CAESIUM HYDROXIDE 


concentration (moles/litre) [eget peo ee 


0-000693 0-9972 
0°001537 0-9973 
0°002332 0°9974 
0°004081 0-9976 
0-006159 0°9979 


0-008376 _0-9982 
0°01016 0°9984 
0°01039 0-9985 


0-02044 0-9997 
0°02550 1-0003 


0°02751 1°0007 
0°05 1-0034 
0:06532 1-0057 
0- 9065 1-0087 
0-1 1-0100 


0-232 1-0270 
0°38 1-0458 


continued on following page 
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TABLE I.- CONTINUED 


concentration (moles/litre) i Pipe wel els abl aty aa 


Caesium hydroxide reacts with nitric oxide to give caesium nitrite and 
a mixture of nitrous oxide and nitrogen.’ The rate of reaction increases 
with temperature and at about 250°C. the proportion of nitrogen in the gaseous 
product increases. The reactions appear to be: 


4NO + 2CsOH -> N,O + 2CsNO, + H,O 
and 6NO + 4CsOH —> N, + 4CsNO, + 2H,O 


There seems also to be a secondary reaction in which the nitrous oxide is 
decomposed by the caesium hydroxide. 

Carbon monoxide reacts with solid c#sium hydroxide at atmospheric 
pressure and elevated temperatures, forming caesium. formate, oxalate and 
carbonate.**®> Between 275°C. and 296°C. | the reaction is exothermic and 
up to 91% of the theoretical yield of caesium formate is obtained. At higher 
temperatures the formate begins to decompose giving caesium carbonate, 
carbon monoxide and hydrogen. Above 350°C. formation of caesium oxalate 
occurs and the maximum yield of oxalate, 11-5%, is obtained at 410°C. 

Caesium hydroxide forms two brownish-yellow addition compounds with 
osmium tetroxide, OsO,,CsOH and 20s0,,CsOH.*®° The compounds are 
thermally unstable and easily hydrolysed in ‘solution, 


References 
1 Winslow, A.F., Liebhafsky, H.A.&Smith, H.M., J. Phys. Coll. Chem., 1947, 
51,967—72. (41,7276) 
2 Jolibois, P. & Bergés, M., Compt. rend., 1947,224,78—9. (41,2340) 
3 Thomas, G., Ann. Chim., 1951,6,367—405. (46, 50) 
4 Goubeau, ae Z. phys. Chem., 1936,B34,432—42. (31,1673) 
5 Randall, M.&Scalione, C.C., J.A.C.S., 1927,49,1486—92. (21,2590) 
6 Harned, H.S.&Schupp, O.E., J.A.C.S., 1930, 52s 3886—92. (25552ch-O) 
7 Barnes, E., J.C.S., 1931,2605—20. (26, 665) 
8 Hackspill, 53 & Thomas, G., Compt. rend., 1948,227,797—99. (43,2109) 
9 Fritzman, E., Z. anorg. Chem, 1928,172,213—33. . (22,3363) 


10 Krauss, F. & Wilken, D., Z. anorg. Chem., 1925,145,151—67. (19, 2609) 


SECTION LXXXVI 
CAESIUM FLUORIDE 
By L. F. WILSON 


The melting point of caesium fluoride, CsF, is 684°C. and the boiling 
pointiis 1251°Cs “The vapour pressure of the salt from 955°C. to the b.p. 
is given by the expression 


~34,700 . 
4e57t + 4.982 


Observed values of the vapour pressure in this temperature range are given 
below.’ 


ae. ean 50 040 eel el Geert 228204. .1.205..,,- 1251 
pnt.) =" 75*6)  -133*5°°253°27 261-2) 524:7  528°7° ~~ 759-2 


Vapour density determinations indicate that caesium fludride exists as in- 
dividual molecules in the vapour state.” The heat of formation of the com- 
pound is 135kg.-cal./mole,*® the standard free energy of hydration is 167 
kg.-cal./mole,* and the heat of solvation is 180kg.-cal./mole.® The dis- 
sociation energy is calculated as 130kg.-cal./mole.” 

Caesium fluoride is readily soluble in water, 85-65g. dissolving in 100 
ml.” 'The solubility in acetone was reported by Lannung® to be 0-077% at 
18°C. and 0-087% at 37°C. Mysels® replotted the conductivity data given 
by Lannung and extrapolated to zero conductivity at a moisture content of 
0-2—0-3%, less than that of Lannung’s ‘anhydrous' acetone. Mysels sug- 
gests that in anhydrous acetone the conductivity is very close to zero. If 
this is correct the conductivity of a saturated solution of caesium fluoride in 
acetone could be used to determine small amounts of water in acetone.’ 
The solubility of caesium fluoride in bromine trifluoride is 3-68% at 25°C. 
and 4-67% at 70°C.*® Accurate comparisons of the lattice constants of pure 
ice and ice contaminated with caesium fluoride indicate that the fluoride ion 
enters the crystal lattice of the ice substitutionally.”* 

Study of the caesium-caesium fluoride system shows that complete mis- 
cibility occurs above the m.p. of caesium fluoride.** The solubility of the 
fluoride in liquid caesium metal, at a given temperature, is greater than the 
solubility of the other alkali metal fluorides in the respective metals. 

Caesium fluoride reacts with the trifluorides of the rare-earth metals 
tc form compounds of the type 3CsF,MF,, where M is a rare-earth metal. 
In the caesium fluoride-yttrium fluoride system a eutectic occurs at 673°C. 
and 96mol.-% YF,; the compound 3CsF,YF, melts congruently at 1075°C.”* 
Systems of caesium fluoride with the fluorides of erbium, samarium, praseo- 
dymium and lanthanum show eutectics at 648°C., 645°C., 635°C. and 600°C. 
respectively.’**** The compounds 3CsF,ErF,, 3CsF,SmF,, 3CsF,PrF, and 
3CsF,LaF, melt at 1048°C., 972°C., 920°C. and 795°C. respectively. The 
thermal stability of double fluorides of the type 3M’F,M’*‘F, where M” is an 
alkali metal and M’” a trivalent metal, increases with increasing radius 


log P(atm.) * 
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of the alkali metal ion and reaches a maximum for double fluorides containing 
caesium.** 

Complex fluorides of the type CsM’‘F,, where M” represents calcium, 
magnesium or zinc, are formed by the reaction of caesium fluoride with the 
oxides of the divalent metals at temperatures in the range 500—800°C.* 
The double fluorides may also be synthesised from the component fluorides. 
The structures of these compounds are modifications of the perovskite struc- 
ture: CsCaF, crystallises in the cubic system, with a = 4*°54A.; CsMgF, 
and CsZnF, are tetragonal with lattice constants a = 9-37A., c = 8-70A. and 
a = 9-88 A., c = 9°03A., respectively. 

Caesium fluoride, like rubidium fluoride, forms compounds with the 
caesium salts of some oxy-acids. The compounds that have been character- 
ised are: 


CsF;Cs,@r0° GsF,Cs,50,7 
CsF,Cs,MoO, 2CsF, 3Cs, The OL 
CsF,Cs,WO, 


The compound 2CsF,3Cs,Ti,O, decomposes at room temperature. Caes- 
ium fluoride gives a simple eutectic with caesium carbonate; no compounds 
are formed.*® In the caesium fluoride-molybdenum trioxide system the con- 
gruently-melting compound Cs,MoOQ,F, is formed;’’ it crystallises in the 
cubic system and readily hydrolyses to give Cs,MoO,F. 

Caesium perfluorides are formed by the reaction of caesium chloride 
with fluorine. Their properties are closely similar to those of the corres- 
ponding rubidium compounds, but the caesium compounds are more stable and 
are not decomposed at 300°C.*%9”° 

Caesium fluoride, like the fluorides of potassium and rubidium, forms a 
series of acid fluorides,” A study, by the freezing point method, of the 
caesium fluoride-hydrogen fluoride system indicates the existence of four 
acid fluorides; CsF,HF, CsF,2HF, CsF,3HF and CsF,6HF.** The melting 
points of these compounds, .and the eutectic points between them, are 
given in Table [, the melting point diagram for the system being shown in 
Figen be 


TABLE [.- THE SYSTEM CAESIUM FLUORIDE-HYDROGEN FLUORIDE 


~50 CsF,6HF 
—42-3 (m.D.) ° CsF,6HF 
—49°5 ° CsF,6HF 
=30 CsF,3HF 

0 CsF,3HF 


20 CsF,3HF 
32°6 (m.p.) CsF,3HF 


16°9 . CsF,3HF 
30 CsF,2HF 
50°2 (m.D.) ° CsF,2HF 


383 CsF,2HF CsF,HF 
60 CsF,HF 

100 CsF,HF 

150 CsF,HF 

176 (m.p.) CsF,HF 

151:5 CsF,HF 


The compound CsF,HF exists in at least two forms within the temperature 
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FIG. 1.- THE SYSTEM CsF-HF 


range from 30° . to the m.p., 176°C. 
A comparison of the acid fluorides of the alkali metals reveals the fol- 
lowing trends with increasing atomic number of the metal: 


i. The melting point of corresponding compounds 
decreases, e.g. NaF,HF m.p. 278°C., KF,HF m.p. 239° 
C., RbF, HF m »D 205°C. and CsF,HF m.p. 176°C. 
ive Ne corresponding compounds are more stable. 
iii, The maximum number of molecules of hydrogen fluoride 
that can combine with the metal fluoride increases. 
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SECTION LXXXVII 
CAESIUM CHLORIDE 
By R.S. MILNER and L. PRATT 


The recovery of caesium and rubidium chlorides from carnallite’’* and 
from plant ashes* has been mentioned earlier (see page 2196), Caesium chlor- 
ide can be prepared‘ by passing hydrogen chloride gas into a paste of a caesium 
salt with its saturated aqueous solution. The chloride can also be recovered 
from the caesium mineral pollucite.*’ Harned and Schupp® made pure samples 
of the salt from pollucite in the following way. The powdered mineral was 
dissolved in concentrated hydrochloric acid. The aluminium present in the 
filtrate was removed as the hydroxide, and the remaining solution was evap- 
orated several times with hydrochloric acid to give a mixture of caesium chlor- 
ide with other alkali metal chlorides. The caesium was precipitated as the 
double salt with antimony trichloride, which was filtered off and hydrolysed 
to give an acid solution of the chloride. Excess antimony was precipitated 
as the sulphide and the solution evaporated to:dryness. The salt was purified 
by adding iodine to its aqueous solution, followed .by chlorine gas. The 
precipitated CsICl, was recrystallised and decomposed by heat to givea 
sample of caesium chloride containing about 0°1% of impurity. 

Caesium and rubidium chlorides can be separated by fractional precipitation 
of part of the rubidium with ethanolic hydrogen chloride,*»? followed by the 
precipitation of caesium as the double salt with antimony trichloride. The 
double salt, which can be purified further by recrystallisation from. hydrochloric 
acid,’ loses the antimony tricnloride when heated for one or two hours in a 
vacuum at 450°C.” It is claimed that a better purification results from forming 
the double salt CsHgCl, by treating the chloride (15g.) with mercuric chloride 
(20 g.) in hot hydrochloric acid.*° The precipitate so obtained is recrystallised 
and decomposed by heat. 

Caesium chloride can be separated from large amounts of sodium chloride 
by precipitating the latter by passing hydrogen chloride into a solution of 
the mixed salts in strong hydrochloric acid. The filtrate, which is consider- 
ably enriched in caesium, is evaporated and the solid dissolved in ethanolic 
hydrochloric acid, from which the remaining sodium chloride is precipitated 
by passing more. hydrogen chloride.* 

Barrer and Sammon’? found that an ion sieve reagent, silver analcite, can 
be used to separate caesium from other alkali metal chlorides. The removal 
of sodium and potassium is complete, the separation from sodium being good 
enough to be used in quantitative analysis, though with potassium a little 
caesium is retained by the sieve. The conditions are more critical for the 
separation of rubidium from caesium, but complete separation is again pos- 
sible if methanol or ethanol is used as the solvent. Kayas’’ also achieved 
complete separation of the alkali metal cations (as chlorides) in Amberlite 
IR100 ion exchange resin, the sodium and potassium being eluted with 0-1N, 
hydrochloric acid and rubidium and caesium with 1-0N. acid. Better separa- 
tions are possible using inorganic exchange reagents, as have been mentioned 
under rubidium chloride (see page 2196). Some separation of sodium and 
caesium is obtained on a clay-asbestos column.’* Small amounts of alkali 
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chlorides can be separated by paper chromatography.'5:*® Czsium chloride 
is much more volatile than potassium and rubidium chlorides at 440°C. in a 
vacuum,” and can thus:be separated. from them by sublimation. 

Pure samples of caesium chloride were prepared by Baxter and Harrington™® 
who determined the atomic weight of caesium by comparing the chloride with 
silver. Pure caesium nitrate was recrystallised fractionally until the rubidium 
content was much less than 0-005%. The purest fractions were recrystallised 
from hot water several times, and a solution of the final crystallised salt was 
added to perchloric acid to give a precipitate of the perchlorate. This salt 
was recrystallised three times and heated in platinum vessels to give the 
chloride. The chloride was recrystallised at low temperatures from hydro- 
chloric acid containing a little hydrazine to prevent the attack on the platinum 
vessels which otherwise occurred. The recrystallised samples were fused 
in a stream of dry hydrogen containing 2~30% of dry hydrogen chloride. 

Caesium chloride can be analysed for caesium by the methods of flame 
photometry*® and arc emission spectroscopy.”° Some aspects of the separation 
and analysis of caesium chloride have been discussed under. rubidium chloride 
(see page 2197), 


Crystalline Caesium Chloride. 

Under normal conditions, caesium chloride has the simple body-centred 
cubic lattice to which it has given its name, in which each ion is surrounded 
by eight of the opposite kind .at the corners of a cube. The length of the cubic 
unit cell side at 20°C. has been given as 4-1180 + 0-0005 A." and as 4-113A.;” 
at 25°C. the value 4-110A. has been given.”* The lattice energy was calcul- 
ated by Huggins™* to be 153+1kg.-cal./mole on the basis of the Born-Mayer 
equation, the value derived from the Born cycle being 153-2kg.-cal./mole.’* 
Krebs”® states that polarisation forces are negligible in determining the type of 
lattice formed, and Neugebauer?’ claims that van der Waals forces decide the 
lattice structure. 

The caesium chloride lattice expands on heating: between 20°C. and 
469°C., the unit cell dimension a is given by the expression” 


ax 10* = (41180 + 4) + (1°8197 + 0-017)(t — 20) + (1-00 + 0-4)(t ~ 20)? x 10° © 


where t is the temperature in °C. The molar volumes computed”® at 25°, 100°, 
200°, 300°, 400° and 469°C. are 42-1, 42-6, 43-2, 44:0, 44-8 and 45-4c.c./mole 
respectively. The root mean square amplitude of thermal vibration of the 
caesium ion is about 10% greater than that of the chloride ion; the values of 
these two amplitudes at 20°, 150°, 250°, 350°, 400°, 435° and 460°C. are 0-184, 
0-218, 0-243, 0-265, 0-285, 0-309 and 0-333A..respectively for caesium, and 
0-165, 0-203, 0-230, 0-254, 0-268, 0-284 and 0-301 A. respectively for chloride.” 

Caesium chloride is the only alkali halide which is known to have a crystal- 
line transition between room temperature and the melting point under normal 
pressure. At about 470°C. there is a transition to a face-centred cubic lattice 
of the sodium chloride type. Menary, Ubbelohde and Woodward” found, by 
X-ray diffraction methods, that the transition occurs sharply at 469°C., and 
at approximately this temperature the unit cell dimension of the high tempera- 
ture form is 7-042A. The heat change during the transition is 1-81kg.-cal./ 
mole and the entropy change is about 2-4e.u. at 469°C. Wood, Sweeney and 
Derbes** give the unit cell dimension of the high temperature form as aq; = 
7°10 + 4-2(t —- 480) x 10°*A. where ¢ is the temperature in °C. This equation 
gives approximate values, and they suggest that precise determinations of 
the distances are required, since there seems to be a sudden rather large 
increase in the dimension in the region just above the transition point. John- 
son, Agron and Bredig,** also using X-ray methods, found the transition point 
at 470°C. They give the values 53-4, 53-6, 54-4 and 54-8c.c./mole for the 
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molar volumes at 470°, 500°, 600° and 645°C. The authors mentioned above?!?”® 
*$ discuss the hysteresis in the transition, and the presence of hysteresis is 
confirmed by the recent work of Wood, Secunda and McBride” who found, by 
the method of differential thermal analysis, that the transition occurs at 465°C. 
with rising temperature and at 472°C. when the temperature is falling. A 
marked hysteresis around the transition is also shown by the electrical con- 
ductivity of the solid, which drops sharply on passing to the high temperature 
form.*° 

Menary et al.”* remark that there does not seem to be a satisfactory ex- 
planation of this transition. It is unlikely to be determined by the radii of 
the ions, since the simple criterion for the stability of a body-centred cubic 
lattice, that the ratio r+/r— should be greater than 0-732, is still satisfied in 
caesium chloride at 469°C., when the ratio is about 0-915 at the least. They 
suggest that the progressive development of lattice flaws at high temperatures 
in the body-centred form may lower the lattice energy sufficiently for the 
transition to occur. In support of this, they observed that the intensities of 
some of the X-ray reflections from the lattice fade rapidly as the transition 
temperature is approached, as would be expected if lattice defects were be- 
coming numerous. The effect of added foreign ions in decreasing the heat of 
transition is quoted as evidence in favour of this interpretation. The fact 
that the conductivity decreases sharply on going to the high temperature form 
could also be the result of an increased number of lattice defects in this form.*° 
May** had earlier made calculations of the lattice energies of the two forms of 
caesium chloride. In order to account for the increased stability of the low 
temperature form he found it necessary to allow for the distortion of the ions 
from spherical symmetry. Buerger*? has discussed the transition in terms of 
the crystal structures. The body-centred lattice can easily change into the 
face-centred form if the cube expands along one trigonal axis and contracts 
at right angles to this axis. This process alters the number of contacts from 
8 to G without any intermediate stage being required, and would require only a 
small energy of activation. 

Menary et al.** state that the transition temperature is insensitive to the 
presence of other ions in the lattice, a decrease of 1°C. being produced.by 
lmole-% of potassium or rubidium chlorides. The effects of foreign ions 
have been measured by Wood et al.**»?*? The transition temperature is raised 
if the chloride contains caesium bromide which has a body-centred cubic lattice 
and is more soluble in the low temperature form of the chloride. The transition 
temperatures for mixtures containing 20, 40, 50 and 60 mole-% of the bromide 
are about 482°, 514°, 542° and 578°C. respectively.”7 The values quoted here 
are approximate since the transitions show hysteresis. Alkali halides with 
face-centred lattices should be more soluble in the high temperature form of 
caesium chloride and consequently they should lower the transition temperature. 
It is lowered by 10— 1g. by the presence of 1 mole-% of potassium chloride,** 
and for samples containing 0, 15, 10, 20 and 50 mole-% of rubidium chloride, 
the transitions to the face-centred lattice are complete at 472°, 438°, 395% : 
355° and 215°C., respectively.** At room temperature, up to 30% of caesium 
chloride can remain in solid solution with rubidium chloride in a face-centred 
lattice. 

Caesium chloride also adopts the sodium chloride structure at room temp- 
erature when it crystallises in thin layers on the surfaces of other crystals. 
Sch ulz?*-3* found that on surfaces of sodium nitrate and calcium carbonate, the 
sodium chloride lattice of caesium chloride has a unit cell dimension of 6°944.; 
hence the interatomic distance of 3°47A. is 0-1A..smaller than it is in the 
normal caesium chloride structure. 

Villa*? has calculated that the free energy of formation for che process 


Refs. p. 2361 


2356 CAESIUM 87-1 


2Cs(liq.) + Cl,(gas) + 2CsCl(solid) over the temperature range 298°—915%. 
is given by the equation AG = -213750 ~ 6:-7TlogT + 66:40T (+3) where T is 
the absolute temperature. | 

For the normal form, the density is given as 3-9905g./c.c. at 20°C.,”* as 
3-988 + 0-004 at about 20°C.,** and as 3-988 at 25°C.*® Bridgman*® found the 
fractional decrease in volume to be 0-166 for an increase in pressure from 
0—50,000kg./cm.? and 0-067 for an increase from 50,000—100,000kg./cm.? | 
Szigeti*! calculated the value 5:05 x 10 °cm.7/kg. for the coefficient of com- 
pressibility, compared with the experimental value of 5-83 x 107°. 

The refractive index is 1-6396 at 25°C.*® and 1°6393 at 26°C.;*? the values 
at about 25°C. change from 1-6347 at X = 6700 to 1-8226 at A = 2260.*% The 
chlorine K* valence spectrum (3p-—>1s) can be observed in the second order 
at about 9A.** The absorption spectrum in the ultra-violet region*® is said 
to correspond to the excitation of the caesium ion to an excited state, whilst 
the chlorine ion remains in a ground state. The magnetic resonance absorption 
of the ‘Cs nucleus in the solid is centred at a magnetic field strength which 
is 1-63p.p.m. lower than the value for the saturated aqueous solution.*® The 
difference could be a result of partial covalent bonding in the solid. Brindley 
and Hoare*” found the diamagnetic susceptibility at about 20°C. to be 567 + 
0°19 x 1078 c.g.s. units. Schupp*® found the dielectric constant at 1800metres 
wave-length to be 6°34; Skavani*? has calculated this quantity theoretically. © 
Davisson®® discusses the process of electrical breakdown in the lattice. Warren 
and Griffiths®** have studied the annihilation radiation of positrons decaying in 
caesium chloride. Measurements are reported on the photoelectric effect®? and 
on the positions of the maxima of absorption bonds arising from defects in 
the lattice.5*»** The F-centre absorption bands are shifted in position by 
changes in pressure and temperature.*® 


Molten Caesium Chloride. 

The melting point of caesium chloride is 645 + 2°C.; the entropy of fusion 
being 3-92 e.u."* and the heat of fusion 3-8kg.-cal./mole.°” From X-ray dif- 
fraction measurements on the solid and liquid near the melting point”® the molar 
volume for the liquid at 645°C. is 60°3c.c./mole. This represents an expansion 
of only about 10% relative to the molar volume of 54-8c.c./mole for the solid.at 
this temperature, and it is suggested that the melting process} involves mainly 
the disappearance of the long range order in the crystal, and that each ion in 
the melt is surrounded by about six others, a situation similar to that in the 
_ high temperature form of the crystal. Recently, a more extensive study™ of 
the X-ray diffraction patterns of liquid caesium chloride has enabled a radial 
distribution curve to be drawn. This curve shows two main maxima, one of 
which represents the closest contacts between Cs* Cl™ pairs, each ion having 
an average of 4:6 neighbours centred at a distance of 3°53A. Some pairs of 
ions seem to be as close to each other as about 3-0A., a distance similar to 
the internuclear distance in CsCl monomers in the vapour. The second maximum 
represents the closest contact between ions of like charge, each having an 
average of about 7-1] neighbours centred at 4°87A. 

The surface tension of caesium chloride is 72dynes/cm. at 900°C. and 
59dynes/cm. at 1000°C.*® Yaffe and van Artsdalen® found that the specific 
conductivity in the range 650—900°C., is given by the equation: K =a + bt - 
ct? ohm. *cm.~? where a = -1°8023, 6 = 0°5628 x 107 and c = 1°765 x 10°. The 
standard deviation for K is 0°003. The density between 670°C. and 905°C. is 
given by the equation: p = a — btg./c.c., where a = 3°4782 and b = 1-0650 x 
10°, the standard deviation being 0:0006. They calculate that the heat of 
activation of the conduction process is about 5°7kg.-cal./mole at 650°C. falling 
to about 4°*8kg.-cal./mole at 900°C., the corresponding entropy of activation 
being 6-2e.u. at 850°C. 
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Bockris and Richards®® measured the velocity of ultrasonic vibrations in 
the liquid salt. Between 660°C. and 1010°C., the velocity is given by the 
expression u = 1597 — 0-675 t metres/second, where the temperature ¢ is in 
°C.; the error is +G6metres/sec. They calculate from their results that at 
700°, 800°, 900° and 1000°C., the adiabatic compressibility is 28-7, 33-8, 40-4 
and 48-7 x 10 *?cm.7dyne,~ and the isothermal compressibility is 42-9, 51-2, 
62-7 and 76:3 x 10°?cm.7dyne" respectively. Also at these temperatures, the 
cube root of the incompressible volume per ion is 3°17, 3°15, 3°12 and 3-09cm., 
the ratio of the specific heats is 1-50, 1-53, 1-55 and 1°57, and the specific 
heat at constant volume is 10-3, 10-1, 10-0 and 9-9g.-cal./mole, the specific 
heat at constant pressure being taken as about 15-5g.-cal./mole. They discuss 
the results for all the liquid alkali halides in terms of a structural model of 
ionic liquids. 

Liquid caesium chloride is completely miscible with caesium metal.” 
Caesium Chloride Vapour. 

Treadwell and Werner’’ studied the sublimation of caesium chloride from 
mixtures with potassium and/or rubidium chloride. At 440°C. in a vacuum, 
the caesium chloride sublimes one hundred times faster than the other two, 
and can easily be separated from them in this way. At 600°C., small samples 
of caesium chloride were found®? to lose weight at the rate of 0-35, 0°64 and 
1-08% per hr. in streams of air, hydrogen chloride and water vapour respec- 
tively.°* The heat of sublimation is given as 44-1kg.-cal./mole at ~600°C. 
by Treadwell and Werner’? and 47-8 + 0-9kg.-cal./mole at 0°K. by Niwa.% 
Reis®* calculated $0kg.-cal./mole for this quantity. 

For the change of vapour pressure with temperature, Cogin and Kimball®® 
give logioPrmmuHg) = 11-076 ~ 11,346/7 + % x log(1000/r), and Treadwell 
and Werner”’ give logsoP (mmHg) = -—9970/T + 9-942; in both cases the temp- 
erature JT is in °K. Rice and Klemperer®’ calculated the values of thermo- 
dynamic functions shown in Table I. 


TABLE I.- THERMODYNAMIC FUNCTIONS FOR GASEOUS CAESIUM CHLORIDE. 


Temperature, °K. 


They give 23-9 + 1-2g.-cal.-deg."*mole™ for the experimental value of the en- 
tropy of the crystal at 298-16°K., compared with the calculated value of 22-0 + 
0-5. Cogin and Kimball®® give 46-69 + 0-26kg.-cal./mole for the heat content 
at 800°K. 

Ionov analysed, by means of a mass spectrometer, the ions produced by 
electron impact on caesium chloride and other alkali halides in the vapour 
state, and suggested that these salts existed partly as dimers.®* Miller and 
Kusch®? were unable to detect any effects due to dimers on the velocity dis- 
tribution in a beam of caesium chloride molecules, and Rice and Klemperer”® 
could not find any infra-red absorption lines from dimeric molecules, but Berk- 
owitz and Chupka,’! who have recently extended Ionov’s work, found that the 
ratio of dimers to monomers in the vapour at about 1000°C. is 0-071 to 1. 

Luce and Trishka’*s”* found the interatomic distance in ***Cs**Cl to be 
T> = 2°88 + 0-03A. by the molecular beam electric resonance method. A later 
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determination by microwave spectroscopy” gives re = 2°9062 + 0-0001A. The 
electric dipole moment of ***Cs*5Cl is 10-46 + 0-14 debye,”* and later Trishka 
derived a more accurate expression pv = (10-42 + 0-02) + (0-056 + 0-002)vdebye 
for the dipole moment py in the vibrational state characterised by the vibrational 
quantum number v.”* On the basis of a simple electrostatic model, Rittner 
calculated’® a value of 10°39 debye for the dipole moment, and Altshuller’’ 
calculated 1-2 x 10°* debye for the difference between the dipole moments of 
Cs**Cl and Cs®’Cl, che latter possessing the larger moment. 

Rice and Klemperer” measured the fundamental vibration frequency of the 
caesium chloride molecule; it is 209 + 6cm.* A low pressure discharge in 
the vapour produces the ions Cs~, CsCl~, CsCl,~, Cst, CsCl*+ and Cs,Cl+.7%7° 
Large yields of chloride ion are produced by the decomposition of beams of 
caesium chloride on a heated tungsten filament.*° The salt can also ionise in 


flames.** The energy of dissociation into ions in the gaseous state is given 
as 105kg.-cal./mole.* 


Aqueous Solutions of Caesium Chloride 


Lange and Martin®* determined the integral heat of solution at 25°C. as 
~4-166kg.-cal./mole in water and ~4-82kg.-cal./mole in deuterium oxide. The 
total heat of hydration at 25°C. has been given as 143kg.-cal./mole;** the | 
calculated sum of the free energies of hydration of the two ions being 139°8 
kg.-cal./mole.** The hydration of the ions has been studied by ultrasonic 
methods.*® The specific heats of solutions of normality N..at 20°C. are given 
by Cp = 09992 — 0-187 N.*” Gehlen and Dieter®*® calculated that the solubility 
at 18°C. should decrease from 65-75 wt.-% under normal pressure to 51-Gwt.-% 
under a pressure of 10,000atm. At 25°C., the densities of solutions containing 
0°5602, 1-000, 2°269, 2-997, 3-998, 5-001 and 5-998moles/litre are 1.0610, 
1-1243, 1-2827, 13733, 1-4966, 1°6197 and 1-7408g./c.c. respectively.” The 
apparent volume of the Cstion in solution at 35°C. is given®® as 21-7 c.c./equiv- 
alent, and that of the Cl™ ion as 18: 1c.c. /equivalent. The water vapour pres- 
sure over the saturated solution is given by logpmm. =-2198°5/T + 8°5621.° 
Isopiestic measurements have been reported on solutions of caesium chloride 
containing potassium or lithium chlorides?” or sodium chloride.®* From the 
latcer measurements Robinson determined the activity coefficients for strong 
solutions at 25°C. The values are 0-496 at a molality of 2:0; 0-485 at 2°5, 
0*479 at 3-0, 0-475 at 35, 0-474 at 4 and at 4:5, 0°475 at 5-0, 0-480 at 6-0, 
0-486 at 7-0, 0-496 at 8-0, 0-503 at 9-0, 0-508 at 10-0, and 0°512 at 11-0 molal. 
For more dilute solutions at 25°C., Robinson and Stokes™ give 0-495 at 2-0 m., 
0-501 at 18, 0-509 at 1-6, 0-518 at 1-4, 0-529 at 12, 0-544 at 1-Om.; 0-553 at 
0°9 m., 0+563 at 0+8, 0-575 at 0-7, 0-589 at 0-6, 0-606 at 0-5, 0-628 at 0-4, 0-656 
at 0- Eee 0-694 at 0-2 and 0- 756 at 0-1m. For very dilute solutions, Harned*® 
gives the values of the activity coefficient at 25°C. as 0°899, 0-927, 0-951, 
0°965 and 0-975 for solutions containing 10, 5, 2, 1 and 0-5millimoles/litre 
respectively. These values are based on measurements’”®’ of the diffusion 
coefficient at 25°C., which varies from 1-946 x 10 ° at 0:01287 m. to 2-007 x 107° | 
at 0-00122 m., the limiting value at infinite dilution being 2°046 x 10°. The 
"isoactive" concentration, at which the activity coefficient of water in the 
solutions is equal to tHatwof pure water,’® is 4-9 m.°? The thermodynamic 
properties of the solutions in the range 0-1 to 2:0M. can be interpreted satis- 
factorily’®° if allowance is made for the lack of interpenetration of the hydration 
spheres of similarly charged ions, and for ion pair formation between oppositely 
charged ions. The dissociation constant of the Cs*tCl~ ion pair in solution 
at 25°C. has been determined to be 2-8, from data on activity coefficients,*” 
compared with an earlier value’™ of 3-2 derived from conductivity measurements. 
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The differences (n,.- n,) between the refractive indices of the solution 
(ns) and that of water (given as ny = 1-333151) at 18°C. were found to be 25-6 x 
107° at 0-002N., 22°5 x 10°* at 0-0016N., 19°8 x 107° at 0:0013N., 15°6 x 10° at 
0-001N., 135 x 107° at 0-0008N., and 69 x 10° at 0-0004N.%° The concen- 
tration dependence of the equivalent refractivity has been considered theoret- 
ically.4°*°§ The dielectric constants'™'°? and magneto-optical rotations'*»*” 
of the solutions have been measured; at 0°C., the molecular magneto-optic 
rotations are 7-45°, 703° and 651°C. for solutions containing respectively 
59-6, 39-3 and 14-1% of the salt.44° The conductivity of the solutions has been 
discussed theoretically;***"*** the equivalent conductivity passes through a 
maximum value with increasing pressure.*** In supercritical water, caesium 
chloride behaves similarly to sodium chloride.*** The electrolysis of caesium 
chloride solutions is expected to produce better yieldsof alkali than are obtained 
from potassium chloride,**® since the transference number of the cation should 
be larger for caesium in the presence of hydroxide ions. 


Non-aqueous Solutions of Caesium Chloride 


At 18°C., the. equivalent conductivity of ca@sium chloride in solution in 
hydrogen cyanide is given by the equation Ag = 368-2 - 200\/c where c is the 
concentration in moles/litre; the determinations were made on solutions up to 
0-002 N. in strength.**” The solubilicy in liquid sulphur dioxide at 25 + 0-02°C. 
is 0-294g./100g. of solution.**® In anhydrous phosphorus oxychloride,*’? the 
solubility at 20°C. is 1-26g./litre, and the specific conductivity of the saturated 
solution is 1-1 x 10 *ohm™*. In methanol at 18°C., the solubility is 3°39 2./100 g. 
of saturated solution, equivalent to 0°158moles/litre, and the density of this 
solution is 0-810g./c.c.; in methanol at 25°C., the corresponding values are 
L?® = 3-01 2./100g.; C?* = 0-141 moles/litre and d?* = 0-83g./c.c.4*° For the 
solutions in acetonitrile, L*® = 8.3 x 107?, C*® = 3-9 x 10° and d’® = 0-783; and 
L?§ = g.4 x 107°, C#® = 3-9 x 10°* and d?5 = 0-777. For solutions in formic acid, 
E = 107-7, C;° = 5-82.and df = 1+896; <L** = 130-5, C* = 6:68, and d*¥ = 1-987. 
The activity coefficients of 0-02, 0-1 and 0-4molal solutions in formamide are 
0-922, 0:858 and 0-797 respectively.*** The minimum value of At/m, where At 
is the depression of freezing point, is at m = 0*4. Caesium chloride dissolves 
in benzene solutions of aluminium tribromide,*?”*** and a dipole moment of 10-9 
debye is given for the species CsCl,Al,Br,.*7°*** At 20°C., the molar solubility 
in concentrated hydrochloric acid is 4-725, and in ethanol ic is 0-29 x 107*.™* 


Mixed Crystals Containing Caesium Chloride 


Caesium chloride, which when liquid is completely miscible with liquid 
caesium metal,®* is soluble as a solid in the liquid metal to the extent of about 
15—25mole-%. The partial heat of solution is 22 + 2kg.-cal./mole. The caesium 
chloride which solidifies from the molten mixtures contains a little caesium in 
solid solution, giving the solid a deep purple blue-black colour. 

Some properties of the solid solutions with other alkali halides have been 
mentioned in the discussion of the phase transition (see page 2355). A_ solid 
solution is formed with caesium bromide, and measurements of the X-ray dif- 
fraction patterns”? and refractive indices*? of the solids show that the solutions 
are formed even when the powdered components are mixed and heated below the 
melting point at 400°C. The refractive index of the 50/50 mixture at about 
28°C. is 1-665.‘7 The melting points in the system with rubidium chloride 
change smoothly with concentration.** With potassium bromide, an equilibrium 
mixture is produced by heating the salts together, (even below the melting point), 
according to the equation CsCl + KBr = CsBr + KCIl.*** The equilibrium is 
complete after heating for 3days at 477°C.; the equilibrium mixture is a mixture 
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of the two binary common-zion solid solutions, CsBr/CsCl and KBr/KCl. 

Magnesium chloride gives three compounds, Cs@i, MgCl. 2Cscr, MgCl, 
and 3CsCl,MgCl,, and a congruent melting point is found at the composition 
CsCl:3MgCl,.*76 With calcium chloride, there are two eutectics at 10mole-% 
CsCl> (708°C. ) and 90-Smole-% CsCl (610°C.), and a compound CsCaCl, 
which melts at 1030°C., is formed.’?”7 This compound is isomorphous with 
RbCaCl,. Chu and Egan,"* who give a reproduction of the phase diagram 
of this” system, have calculated the free energies of the components, and 
other thermodynamic properties, and show that the system shows large nega- 
tive deviations from ideal behaviour. With strontium chloride, the compound 
CsSrCl, (m.p. 907°C.) is formed,*?” and with cadmium chloride,*” the com- 
pounds ‘CsCdCl, (m.p. 545°C.) andes CdCl’'(m-p.. 462°C. ). 

The systems RbCl-CsCl-CaCl,*?” and RbCl-CsCl-CdCl,’” have also 
been studied. In the system CsCI-LiCl-H, O the double salt 2CsCl, LiCl,- 
4H,O is stable at 25°C. and 40°C.** The system KCl-RbCI-CsCl has been 
recorded'*? but both the melting point and transition temperature given for 
caesium chloride are low. Caesium chloride and silver chloride form a peri- 
tectic system,**? whereas a simple eutectic system is found with silver iodide. i 
Caesium chloride crystals containing thallous chloride behave as phosphors,® 

5 

A simple eutectic is formed with caesium vanadate;**® there are several 
eutectics with lithium sulphate**” and a eutectic occurs with potassium sul- 
phate.** The surface tension of molten lithium sulphate is markedly de- 
creased by the addition of small amounts of caesium chloride.*** A small 
Proportion of caesium chloride stabilises the cubic phase of ammonium ni- 
trate. 


Miscellaneous Reactions 


The bombatdment of caesium chloride by high energy protons gives radio- 
active isotopes of barium.*** Wartenberg’*? studied the effect of caesium 
chloride in producing a noticeable attack of platinum by hydrochloric acid 
solutions, a reaction which had earlier been noted by Baxter and Harrington." 
(see also page 2354), In lhr. at 105°C., a solution of 2g. of caesium chloride 
in 100c.c. of 10% hydrochloric acid had produced 1mg. of PtCl,” from the 
metal. As with potassium chloride, the insolubility of the alkali “chloroplat- 
inate displaces the equilibrium Pt + HCl = PtCl,™ to the right hand side.*# 
Similarly, considerable quantities of chloroplatinate are produced from platinum 
by molten caesium chloride in the presence of hydrogen chloride. 

West prepared the compound CstHClI> by the reaction between hydrogen 
chloride and a concentrated aqueous solution of caesium chloride.’ The 
presence of small amounts of the HCI ion with caesium had earlier been 
suggested by the behaviour of molten caesium chloride with hydrogen chloride.*** 
Double chlorides of other metals with caesium are often relatively insoluble 
and show characteristic crystalline forms; Ducloux**’* has reviewed their 
application in microchemistry. With thallic chloride several complex chloride 
salts, such as Cs,[TICl,], are obtained. ‘47 Caesium chloride is reduced by 
lithium hydride to give caesium metal and hydrogen,*** and reacts with gaseous 
vanadium tetrachloride to give an unstable complex chloride.” It is con- 
verted completely to the borate by heating for 10min. at 400°C. with 8 parts 
of boric acid,*® and is an effective catalyst for nucleation during the condens- 
ation of sodium crystals from the vapour. 

The chloride is more effective than other alkali metal chlorides in coag- 
ulating sols of arsenic sulphide*™ or graphitic oxide,** and more effective 
than potassium chloride in producing a complete disorientation of collagen 
fibres." Lyding'** disproved an earlier claim that 90% of the infectious 
diseases in mice could be cured by administering caesium chloride. 
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SECTION LXXXVIII 
CAESIUM BROMIDE 
By N.R.W. BENWELL 


Preparation 


Caesium bromide is separated from mixtures of bromides of the alkali 
metals by treatment with liquid bromine which dissolves.the caesium bromide 
leaving substantially undissolved all other alkali halides. Caesium bromide 
is recovered by evaporation of the separated liquid bromine solution.* The 
method, slightly modified,” is used for the recovery of caesium bromide from 
ores such as pollucite, H,Cs,Al,(SiO,),. The powdered ore is dissolved 
in 30% excess of hydrobromic acid, filtered, concentrated and the alkali 
metal bromides precipitated with isopropyl alcohol. Caesium bromide is 
dissolved from the dried precipitate by extraction with about 10 parts of liquid 
bromine per part of Cs,O in the ore and is then recovered by evaporation. 

Caesium bromide is also recovered from pollucite by treating the ore 
with aqueous hydrobromic acid and the resulting solution with a hydro- 
bromic acid solution of antimony tribromide to form 3CsBr,2SbBr, which, 
on heating in vacuo, loses antimony tribromide and leaves pure caesium 
bromide.’ 


Physical properties 


The nature of the lattice structure of the alkali halides is determined by 
the importance of the van der Waals forces. Caesium bromide is strongly 
polarizable and has a CsCl-type lattice.* 

However, in considering the effect of the eigenfunctions of the outer 
electrons in ions (directional forces)on the type of lattice tormed, the polari- 
zation forces are said to be negligible for univalent ions of large size such 
as in caesium bromide.® 

X-Ray diffraction patterns of caesium bromide taken up to the melting 
point give no evidence of any transition from simple cubic to face-centred 
cubic structure similar to the transition which occurs in caesium chloride 
at 469°C. Consideration of the molar volumes of the solid and molten 
salts at the melting points leads to the conclusion® that the structural 
alteration from 8- to 6-fold co-ordination, which in caesium chloride takes 
place in the solid phase at 469°C., occurs in the case of caesium bromide at 
the m.p. as part of the fusion process. The volume expansion on melting 
for caesium bromide of 26°5% is essentially equal to the sum of the expan- 
sions for caesium chloride at the transition and melting points, 17°1 + 10:0 
= 2791%,. 

When an aqueous solution of caesium bromide is evaporated slowly the 
thombic dodecahedral form (110)is obtained, while at higher rates of evapor- 
ation the cubic form (100) is obtained. For low rates of evaporation (low 
degree of supersaturation) planes with low electric fields, i.e. planes con- 
taining both cations and anions, form the faces (100) for NaCl-type and 
(110) for caesium chloride type lattices. For high rates of evaporation, 
planes consisting of either cations or anions alone form faces (111) for 
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NaCl-type and (100) for the CsCl-type lattices.’ 

When caesium bromide (CsCl-type) is deposited by evaporation on the 
cleavage surface of mica, lithium fluoride, sodium chloride, potassium 
bromide, potassium iodide and calcium carbonate, electron diffraction ex- 
amination has shown that in all cases the crystals touching the substrate 
have the NaCl-type structure. The lattice parameter a, for the new struc- 
ture is 7°23 A, and the interatomic distances are lower than in the CsCl- 
type Structure.° In the examination of thin overgrowths by multiple scat- 
tering of electrons,’ the electron beam reflected from the substrate is use- 
ful as the incident beam on an oriented overgrowth such as caesium bromide 
deposited by evaporation in a vacuum on a single crystal of lithium fluoride 
to a thickness of 2 A. | 

Long exposure to ‘intense X-rays’ in a light tight box produces coloura- 
tion in caesium bromide crystals. The colour fades logarithmically with 
exposure to daylight, and fading may also be induced by radiation from a 
500-watt lamp.*° 

The orientations of caesium bromide and other alkali halide crystals 
grown from the vapour and from solution on the cleavage faces of calcium 
carbonate and sodium nitrate have been determined by electron diffraction. 
A deposit 10 A. in thickness showed a well defined pattern in most cases 
but with thicknesses greater than 150A. random orientations occurred. Fac- 
tors of importance in controlling orientation are (1) low index planes lie 
parallel to the substrate surface, (2) the contact planes usually contain 
ions of both signs, (3) dimensions along rows of like ions must match. 
Growths from vapour and from solution do not always show the same orienta- 
tion or even the same crystal structure.” 

The frequencies and anharmonicities of the lattice oscillations of cae- 
sium bromide, i.e. the oscillations of the interpenetrating lattice of the 
caesium and bromine ions with respect to one another, have been calcula- 
ted on the basis of the Born model. The calculated value of the frequency 
of lattice oscillation, 2°1 x 107%, is in good agreement with the observed 
value of 2:2 x 10°? (Barnes). The anharmonicity of the lattice oscillation, 

unlike its frequency, varies with the direction of the oscillation, from a 
large positive value along [111] to a small negative value along [100].*? 

Preparations of caesium bromide by different thermal treatments ditfer 
slightly from each other in their heats of solution and in the presence of 
‘excessive’ weak lines in their X-ray photographs with a period double or 
quadruple the basic lattice period. The varying values of the heat of 
solution are attributed to differences in the crystallographic lattice of the 
Sait. : 

The following physical properties’® have been determined to evaluate 
the use of caesium bromide in optical instruments: 


Young’s modulus = 16 x 10"? dynes/cm.? 
Apparent elastic limit = 84 x 10’ dynes/cm.? 
Modulus of rupture 16°5 dynes/cm.’ 
Total inelastic deformation in 50hr. = 1°65 x 10%cm. 
Steady-state rate of cold flow 12°5 x 10%cm. hr." 

_ Knoop hardness number 


(for 200g. load) = 195 
Thermal conductivity = 22 x 10“ g.-cal. sec.“ cm.* °C." 
Short wave-length limit mu 
(for 10mm. thickness) = 205 
Long wave-length limit pu 
(for 42 mm. thickness) = 40 
Melting point = 636°C. 
Solubility = 124039. per 100g. of water 
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The cubic compressibility of caesium bromide is given as 7¢0 per mega- 
bar x 10° as derived from the semi-empirical equation: 


Bie BV Ae 


where B = compressibility; ks = empirical constant; V,, = molecular volume; 
U= molecular heat of formation of the salt.*® 

The compressions of caesium bromide under 50,000kg./sq.cm. at room 
temperature and at the temperature of solid carbon dioxide are given as 
0°1748 and 0¢1689 respectively. ‘7 Other determinations by the same author’® 
give the compression or volume decrement of caesium bromide as 0°186 for 
0-50, 000 kg. ect cm. and 0°086 for 50,000—100 000kg. /sq.cm. 

The following relation has been derived”? between the compressibility 
and absorption frequency of ionic crystals. 


l_ R?.e+2.ma; 
kK 30 n?+2 


kK = compressibility, @; = absorption frequency, R = nearest neighbour dis- 
tance, U = volume occupied by an ion pair, € = static dielectric constant, 
m= reduced massof ion pair, 1/m = 1/m, + 1/m,, n = optical refractive 
index. For caesium bromide xk (calculated) = 6:0 x To%cm., kg. K (observed) 
= 6°92 x 10%cm.?/kg. Ratio Ke/Kog = 0°87. 

A fair agreement with that obtained from experimental data is found? 
when the thermal expansion of caesium bromide is calculated from Frenkel’s 
expression for ionic crystals: 


a =[(n + 4)/2(n - 1)][c/a,] 


where n = exponent in the expression which characterises the energy of the 
repulsive forces; c = heat capacity per g.-atom; @, = coulomb portion of 
the energy of the ionic crystals as calculated by Madelung. 

Calculations” of the dielectric constant of caesium bromide by various 
methods differing in the evaluation of the ionic polarizability give values 
in satisfactory agreement with experimental data. The evaluation is based 
on the calculation of an elastic force coefficient k between opposed ions 
as the second derivative of the repulsion energy from formulae of the type: 


k = 1¢16(n - 1)q?/r3 


where n = exponent of repulsive energy law; q = charge of the ion; ry = 
nearest distance in the lattice. 

The heat of vaporisation of caesium bromide has been determined”? from 
the expression 


\ =—1-985 x 20303 x [d log p/a1)I 


to be 36,870g.-cal. The same author gives the boiling point as 1297°C 
by calculation or extrapolation of vapour pressure data, and a critical tem- 
perature of 2433°K. Greater accuracy is claimed for these results than 
for those calculated by the Ramsay-Young Rule. For gaseous caesium 
bromide, the interatomic distance = 3°17 A. the fundamental frequency = 
192cm.* and the entropy (S,o,.,) = 61¢5g.-cal./deg., the uncertainty being 
+ 0-3e,u.2% Vapour pressure data measured between pressures of 0-001 
and O*:l1mm. by means of a diffusion method using an oxide-coated tungsten 
filament as detector” fit the equation: 


logPmm. = ¢ — A(1000/T) + %4log(1000/T) 


Values of A and C for caesium bromide are 11°421 and 11°676 respectively. 
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Heat content (heat of vaporization) at 800°K. = 48¢26+ 0°33kg.-cal./mole. 
Entropy of vaporization at 800°K. = 60°35 g.-cal./degree. The vapour pres- 
sure curves of the alkali bromides at temperatures between the boiling point 
and 200-—300°C. below the: boiling point of the salt lie closer than those of 
the fluoride and chloride but are more widely separated than those of the 
iodides.”® 

By directing a molecular beam of caesium bromide at a thoriated tungsten 
wire (at 1200—1500°K.) large yields of bromine negative ions have been ob- 
tained.*° The maximum and stable yields were 20% and 11% respectively. 
These yields are more than for caesium iodide and fluoride but less than for 
caesium chloride. 

Ramsay has shown that chemical shifts result from precessional motions 
induced by the applied magnetic field in the electrons surrounding the nucleus. 
This precessional motion producesa small local field at the nucleus in opposi- 
tion to the applied field and this local field will vary from molecule to mole- 
cule as a result of the variations in electronic structure. 100% ionic com- 
pounds have no chemical shifts and so the shielding change observed for 
caesium iodide indicates that there is some covalent character in the crystal- 
line bond.?” The chemical shift of the ***Cs magnetic resonance, 


Ao = (H, - H)/H, x 10° 


where H, and 7, are the magnetic fields necessary for resonance at a fixed 
frequency for the sample and reference respectively, is —2°08 for caesium bro- 
mide, the reference being a saturated aqueous solution of caesium chloride. 
The magnetic shielding of the alkali metals decreases from the fluoride to the 
iodide while the ion in solution has the largest shielding of all. The larger 
shifts of caesium support the observation that chemical shifts increase with 
the nuclear charge. 

The addition of caesium bromide to the SO,-SOBr, system strongly cata- 
lyses the exchange at O°C. The catalysis is homogeneous with exchange 
rates apparently of first order as to catalyst concentration and zero order 
as to SOBr, concentration. The reaction is interpreted as involving basic 
catalysis by bromide ions. The value of k for caesium bromide, based on 
the expression, rate = k (catalyst concentration) is roughly comparable with 
that of tetramethylammonium bromide viz. 6:2 x 10*/min. at 0°C.”* 

If an equimolecular mixture of caesium chloride and potassium bromide or 
caesium bromide and potassium chloride is heated for three days at 477°C. 
i.e. below the melting point, an equilibrium is attained as represented by CsCl 
+ KBr = CsBr+ KCl. If either CsCl or KBr is added to the mixture before 
heating, the equilibrium moves to the right and if CsBr or KCl is added, the 
equilibrium moves to the left. These changes are in quantitative agreement 
with the law of mass action. The results at 400°C. are also in accord with 
the law although the quantitative agreement is not as close as at the higher 
temperature.” 

In investigating solid solution mixtures of caesium bromide and chloride 
measurement of refractive index has been suggested to supplement X-ray 
crystal analysis. The lines of a series of similar X-ray patterns such as are 
frequently formed by a continuous series of solid solutions may overlap and 
form a pattern apparently of one compound but having wide lines. The spa- 
Ccings obtained are then average values and the mixture appears homogeneous. 
Measurements of refractive index, n, by the immersion method are then sugges- 
ted, since examination of individual particles makes it possible to distinguish 
between particles of solid solutions of different compositions.*° 

When the silver halides are combined with their corresponding alkali 
halides, the phase diagrams show certain regularities. With the chlorides, 
lithium and sodium form solid solutions, potassium and rubidium form eutectics, 
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and caesium forms a peritectic; with the bromides, lithium and sodium form 
solid solutions, potassium forms a eutectic and rubidium and caesium peri- 
tectics; and with the iodides only lithium forms a solid solution, sodium a 
eutectic and potassium, rubidium and caesium peritectics. The change from 
one type of diagram to the other is attributed to the formatior of complexes.** 

The variation, with pressure, of the solubility of caesium bromide in water 
at 25°C. is as follows: 


Pressure (bars) Solubility (g./100g. H,O) 


1 12307 
505 117°9 
1010 111°9 
L520 106°8 


The author*? gives the compressibility of the solid solute (caesium bromide) 
at atmospheric pressure as 71 reciprocal bars x 10”. 

The influence of the salt concentration on the compression of an aqueous: 
solution of caesium bromide is given** by an equation expressing the apparent 
compression as a linear function of the square root of the volume concentra- 
tion, 0bz.5 


A =a+be* 


T 
where A/r, = apparent compression; r, = x,/x, where x, = weight fraction of 
salt in solution, x, = weight fraction of water in solution; ¢c = volume con- 
centration in g. per c.c. at 25°C. and 1 bar pressure; and for caesium bromide 
ax 10° = 84, -b x 10* = 59. Calculations are validovera pressure range of 
1 to 1000 bars at 25°C. and are in good agreement with values obtained from 
the equation: 


A = ~Apy, + ApV/x, 


where —Ap/,,, = specific compression of water and ApV = specific compression 
of solution. The effects of salts on the compression of water increase with the 
charge on the solute ions and decrease with ionic radius, but there is some 
other unidentified effective factor. 

The supersaturation limits for caesium bromide in aqueous solution are 
calculated from the formula: 


[2 Toten 


where 7, = absolute saturation temperature; J = absolute temperature of first 
spontaneous crystallization; o = specific surface energy; VM = molecular 
volume; A = heat of solution. Experimental values given are: A = 5960; a= 
138; oVy = 6979, giving T, - T = 15°2°C., but no great accuracy is claimed 
for these results. The radius of the stable crystal nucleus at the first tem- 
perature of spontaneous crystallization is shown to be of the order of 10°cm. 
and varies hyperbolically with the degree of supersaturation.™ 
The equation: | 


(VE — Vi) = -Nq?. 1. dk 
20 aki dee 


has been used to determine the apparent expansion coefficient of caesium 
bromide in water and in ethylene glycol. ((V% - V2) = contraction when one 
mole of salt is dissolved to infinite dilution; g = valence of the ions; a = 
mean ionic radius; xk = dielectric constant). Simple electrostatic considera- 
tion indicates that the change of volume at infinite dilution produced by mono- 
valent salts should be inversely proportional to the mean ionic radii, but while 
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this is true for monovalent bromides in ethylene glycol, it is not true in water. 
For caesium bromide, contraction in water = 5eGml. per mole; contraction in 
ethylene glycol = 5:2 ml./mole.*® 

Attempts have been made to correlate the solubility of caesium bromide 
with the dielectric constant of the solvent in the case of water, acetone and a 
number of alcohols, but because of the many factors involved no general. 
rule has been established.*° 

The total heat of hydration H* of caesium bromide has been selected on 
the basis of measurements of heats of solution at infinite or very high dilution 
and values of lattice energy U, although the latter term involves an uncertain- 
ty of thermodynamic definition. The value given for (caesium bromide is 136 
kg.-cal./mole. As a principle for the separation of H* into heats of solvation 
H* and H™ of the individual ions, Mishchenko rejects assumptions made by 
Bernal, Fowler and others of approximately equal values of H for ions of equal 
ionic radii, mainly on account of the dissymmetry of the location of the dipole 
moment in the H,O molecule which is estimated to be about 0:25 A. On this 
basis, heats of solvation for Cs* and Br~ become 63 and 72kg.-cal./g.-ion 
respectively. Co-ordination numbers, n, (number of H,O molecules surrounding 
the ion in the nearest solvate envelope) are for Cst, 8 and Br, 8 and are 
evaluated from the known radii of the ions and the radius Tw of the H,O mole- 
cule. Reasonable values are obtained with r,, = 193A. corresponding to 
liquid H,O but not with r,, =1°38A., the radius of H,O in ice. The values are 
at eeneidereble variance ‘with those of Bernal, awice and others who attri- 
bute n = 4 to all univalent ions, on the assumption of a ‘frozen’ hydrate en- 
velope. The ratio of the heat of solvation H and the co-ordination number n 
gives the heats of interaction 1, between the ion and one molecule of H,O in 
the solvate envelope as 7°9kg.-cal./g.-ion for Cs+ and 9:Okg.-cal./g.-ion for 
Br. These values can be represented as functions of the ionic radii in the 
form: log Hy =(1°38/r7)+ 0°25; log AH} = (0°70/r*) + 0°47 and (1/H{) = Oe1r-— 
0°085; (1/H*) = OcIrt — 0:035. Simple consideration of electrostatic inter- 
action gives per mol. H,O an energy of 127-06 x 10°°/(r; + 7, + B)*kg.-cal./ 
g.-ion. Values calculated with this formula are in very fair agreement with 
the experimental values of H, for Cst and Br> with B = 0°25 and r,, = 1¢93 A. 
The effective radii of water molecules in the hydrate envelope of Cst and Br- 
have. been calculated to be 2°10A. and 2°05 A. respectively, which, being 
greater than 1°93, indicate an expansion of the hydrate envelope.*’ 

From standard electrode potentials of bromine and caesium and from re- 
levant standard free energy data, Kanevskii*® has calculated a value of 132:9 
kg.-cal./mol.? for the standard free energy of hydration of the pair of ions 
Cst+ and Br= Wicke and Eigen*® have introduced two modifications of the 
Debye-Hiickel theory in considering the thermodynamic properties of caesium 
bromide solution in the concentration range 0°1—2M.: (1) the hydration spheres 
of similarly charged ions do not interpenetrate, (2) oppositely charged ions 
form ion pairs, setting up a dissociation equilibrium, and the authors have 
found that the concentration dependence of the activity coefficients, heats of 
dilution, apparent molar heat capacities, molar volumes and compressibilities 
(and hence sound velocity) calculated from the theory agree with experimental 
determinations. 

Table I gives the variations of osmotic and activity coefficients with con- 
centration for aqueous solutions of caesium bromide.*® Figures vary only 
slightly from earlier values published by Robinson. 

When electrolytes are dissolved in water tnere is normaily a decrease in 
volume which according to the theory of Drude and Nernst is due to the ac- 
cumulation of water molecules around the ions of the electrolyte in their 
vicinity in such a way that the density of the water increases. Relatively 
concentrated solutions of caesium bromide, however, show an increase in 
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TABLE I.- VARIATION WITH CONCENTRATION OF OSMOTIC AND ACTIVITY 
COEFFICIENTS FOR AQUEOUS CAESIUM BROMIDE AT 25°C. 


Osmotic coefficient | Activity coefficient 
p y 


°754 


m 


(moles/1000 g. H,O) 


volume and no satisfactory explanation has been given for this effect.*’ 
The solubility of caesium bromide in certain organic solvents is shown 
in Table II.*? 


TABLE II.- SOLUBILITY OF CAESIUM BROMIDE IN METHYL ALCOHOL, 
ACETONITRILE AND FORMIC ACID 


Methylalcohol Pate 
Temp. °C. a ee arr Are) se oes 


08 201 RRS °785 | °10 a °74 | 69 Rae 
22 | 83x 107 | ©782 | 014 | 5x 10° a T1 | 304 


[d = density; s = solubility in g./100g. solvent; c = concentration in mols./ litre] 


The solubility of ethyl: acetate in aqueous solutions of caesium bromide 
is given in Table III.** The experimental activity coefficients of ethyl acetate 
in °100M. and «200M. caesium bromide solution are 1-030 and1-059 respectively. 


TABLE III.- SOLUBILITY OF ETHYL ACETATE IN AQUEOUS SOLUTIONS 


OF CAESIUM BROMIDE 
20° 30° 40° 


° 100M. 814 781 748 715 682 g. ethylacetate/100g. H,O 
°200M. 793 760 27 694 661 g.ethylacetate/100g. H,O 

The integral heats of solution LD20, LH20 of caesium bromide in D,O and 
H,O are —7°060 and ~6e267kg.-cal./mol. of salt respectively. The diffecente 
in integral heats of solution (LD20 - 2 H20 = AL), calledthe' isotopic effect’, 
is — 0°793kg.-cal./mol. salt. ere difteredees in ‘isotopic effect’ of two 


similarly charged ions e.g. Br~ and Cl, calculated from the corresponding 
AL values, are independent of the common oppositely charged ion.** 
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On considering the Faraday effect of strong electrolytes in aqueous solu- 
tion it is found that the corrected molecular rotation of caesium bromide de- 
creases with increasing concentration.** The corrected molecular rotation 
extrapolated to infinite dilution is given approximately by the sum of the cor- 
rected ionic rotations. 

Measurement of the adsorption of caesium bromide at.25°C., from a 0:01 M. 
solution saturated with lead sulphide and lead sulphate, by precipitated lead 
sulphide indicates that the amount adsorbed does not depend on the ability 
of the adsorbed compound to fit the space lattice of the adsorbent or on the 
ability of the lead sulphide to orient the crystallization of the salt. The 
amount adsorbed increases as the molar fraction solubility of the salt in water 
decreases.*° 


Chemical properties 


A double salt, CsBr,MgSQ,, of the anhydrous kainite type KCl,MgSO, has 
been obtained. The electrical conductivity of the fused kainite system has 
a sharp minimum at the molar ratio 1:1, indicating a decrease in the number 
of ions, i.e. persistence of the complex ions characteristic of kainite even in 
the fused state. The electrical dissociation is probably into [Cs]* and[Br 
MgSO,]|~._ The formation of the kainite is thus contingent on the relative at- 
traction of Cs* and Mg** for Br~ and is determined by the generalized moment 
u = Z/r where Z = charge, r ™ radius of the ion,*” 

Potentiometric studies of the reaction between 0¢2 N. caicium ferrocyanide 
and approximately 0-1 N. CsBr have shown a break in the curve of equivalence 
points indicating the equilibrium: Ca,Fe(CN), + 2CsBr = CaBr, + CaCs,Fe- 
(CN), and thus confirming the composition of the double salt. However, the 
agreement is not sufficient from a quantitative point of view to make the use 
of this reaction possible for the potentiometric determination of the caesium 
in this way.** 7 : 

In the manufacture of selenium rectifier plates about 0-005—0:5% of caesium 
bromide is added to selenium; a layer of tiie mixture is applied to a support- 
ing electrode, the selenium is transformed into its grey crystalline form, a 
blocking layer is formed over the treated selenium surface and a counter elec- 
trode is applied over the treated selenium surface. An alternative addition 
agent is 0°005-0°5% of caesium hexabromoselenate.*® 

The addition of caesium bromide in small amounts to a pure selenium rec- 
tifier plate coated with a ternary (Sn-—Cd-Bi) eutectic alloy decreases the 
resistance markedly in the positive direction.*° 

When caesium bromide is ground up with a thallous salt a phosphor is 
formed which has a visible luminescence, but its intensity is far weaker and 
the colour somewhat more greenish than that produced by potassium salts.” 


CAESIUM POLYBROMIDES AND COMPLEX BROMIDES 


Time-composition curves indicate the existence of CsBr,, CsBr, and 
CsBr but not of CsBr,. Because of the loss of bromine from caesium tetra- 
bromide on drying, an indirect method of analysing the solution must be used. 
Caesium bromide is dried in a stoppered bottle and weighed amounts of bro- 
mine and water are added and the bottle shaken for 3 days. The contents are 
then decanted into a calibrated flask, some ammonium iodide is added and the 
solution made up to the mark. Part is then titrated with 0:1 N. H,SO, stand- 
ardized simultaneously with standard iodine solution. Another part is eva- 
porated to dryness to drive off the ammonium salt and then converted to the 
chloride. 


Examination of the system caesium bromide-bromine-water at O°C. and 
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25°C. shows®* that the only polybromide existing at these temperatures is the 
tribromide CsBr,, and the study at 0°C. confirms the composition of bromine 
hydrate as Br,,10H,O. 

Solutions of caesium bromide in molten iodine bromide show high con- 
ductivity and investigation by conductometric titration shows the following 
reaction: 2CsIBr, + SnBr, = Cs,SnBr, + 2IBr. There are few good acids in 
the iodine bromide system owing to the instability of complex bromides.™* 
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SECTION LXXXIX 
CAESIUM IODIDE 
By N.R.W. BENWELL 


Physical Properties 


X-Ray diffraction patterns of caesium iodide taken at temperatures up 
to the melting point give no evidence of any transition from simple cubic 
to face-centred cubic structure similar to the transition which occurs in 
caesium chloride at 469°C. Consideration of the molar volumes of the solid 
and liquid salts at the melting points leads to the conclusion that the struc- 
tural alteration from 8 to 6 fold co-ordination, which in caesium chloride takes 
place in the solid phase at 469°C., occurs in the case of caesium iodide at 
the melting point as part of the fusion process. The percentage volume 
expansion of caesium iodide on melting of 28-5 is essentially equal to the 
sum of the expansions for caesium chloride at che transition and melting 
point, 17-1 + 10-0 = 27-1%.! 

Powder diffraction patterns of caesium iodide from 22°C. to 36°C. give a 
linear coefficient of expansion? of 4-86 x 10°Sper °C. and a lattice constant 
of 4-5667A. at 20°C. The melting point of caesium iodide is 621°C. and at 
O°C, its solubility in water is 44g./100 g. H,O (cf. Table VI), As a transmitter 
of infra-red light, caesium iodide compares favourably with caesium bromide and 
thallium bromide iodide,’ being transparent from 0°242u to >50u. A fair agree- 
ment with that obtained from experimental data is found* when the thermal ex- 
pansion of caesium iodide is calculated from Frenkel’s expression for ionic 
crystals: 


a=(|(n + 4)/2(n - 1)\[ce/W;] 


where m ™ exponent in the expression which characterises the energy of the 
repulsive forces; c = heat capacity per. g.-atom; W , = coulomb portion of the 
energy of the ionic crystals as calculated by Madelung. 

The vapour pressure of caesium iodide (crystal) is given by the equation:° 


logigPaynes " ~10,360/T + 13-793 


in the temperature range 767—847°K. The heat of sublimation is 47,500g.- 
cal. per mole and the vapour is unimolecular. Vapour pressure data measured 
between pressures of 0-0001 and 0-1mm. by means of a diffusion method 
using an oxide coated tungsten filament as detector, fit the equation:*® 


log Pmm, ™ C — A(1000/T) + 5/2!0g(1000/T) 


Values of A and C for caesium iodide are 11°193 and 11-726, respectively. 
Heat content (heat of vaporisation) at 800°%K. = 47°23 + 0-28kg.-cal./mole. 
Entropy of vaporisation at 800°K. = 59-04g.-cal./degree. 

The heat of vaporisation has also been determined’ from the expression: 
NX = -1-985 x 2303 x [dlogp/d(1/T)] = 44820g.-cal. The same author gives 
the boiling point as 1280°C. by calculation or extrapolation of vapour pressure 
data, and a critical temperature of 2407°K. For gaseous caesium iodide, 
the interatomic distance is 3-36A., fundamental frequency = 160cm.™* and 
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entropy (S.o..,) = 63e1 g.-cal. /degree.*® 

The vapour pressure curves of the alkali metal iodides at temperatures 
between the boiling point and 200—300°C. below the boiling point of the salt 
lie closer together than those of the fluorides, chlorides or bromides.° 

When an aqueous solution of caesium iodide is evaporated slowly, the 
thombic dodecahedral form (110) is obtained. At high rates of evaporation, 
the cubic form (100) is obtained. For low rates of evaporation (low degrees 
of supersaturation), planes with low electric fields, i.e. planes containing 
both cations and anions, form the faces (110) for the CsCl-type lattice of 
caesium iodide. For high rates of evaporation, planes consisting of either 
cations or anions form faces (100) for the CsCl-type lattice.*® In considering 
transition from homopolar to ionic bond, it is the importance of the van der 
Waals forces which decides the nature of the lattice structure in the case 
of the alkali halides: caesium iodide is strongly polarisable and has the 
CsCl-type lattice.** Conversely in considering the effect of the eigenfunc- 
tions of the outer electrons in ions (directional forces) on the type of lattice 
formed it is stated that for univalenct ions of large size such as those of 
caesium iodide, the polarization forces are negligible.*? The dipole moment 
of caesium iodide determined experimentally*® is 12-1 x 107** at 873°K.; this 
indicates a mixture of the ionic and homopolar types of bonding and favours 
the conclusion that the salt vapour contains single molecules only. 

Calculations, by means of a Debye formula, of the permanent electric 
moment of caesium iodide in which the ions have a rare gas structure gives 
a result at variance with the experimental value.** The difference is ascribed 
to deformation of the external electron shell. The magnetic susceptibility 
of caesium iodide has been measured**® by placing the crystals in a glass 
tube suspended from a balance and bringing the sample midway between the 
poles of an electromagnet. Values obtained were 78°8 x 10 ° and 76:4 x 10°°. 
On the assumptions that the constituent elements are in the ionic condition 
and that the susceptibility is proportional to the square of the atomic numbers, 
for caesium, susceptibility = -38-0 x 107° and -36-8 x 10 °; for iodine -—40-8 x 
107° and ~39°6 x 107°. . 

Calculations of the dielectric constant of caesium iodide by various 
methods differing in the evaluation of the ionic polarizability give values in 
satisfactory agreement with experimental data. The evaluation is based’® on 
the calculation of an elastic force coefficient k between opposed ions as 
the second derivative of the repulsion energy, from formulae of the type: 


k = 1-16(n — 1)q?/r¢ 


where n = exponent of repulsive energy law; q = charge of the ion; Tr, = 
nearest distance in the lattice. 

Determination of the thermal dissociation equilibrium of caesium iodide by 
measurement of the current carried by the alkali or iodide ions has been used 
to calculate the electron affinity of iodine.’? From the equilibrium, the free 
energy of dissociation into ions is calculated and by using known values 
of the heat of dissociation into atoms and the ionizing potential of the alkali 
atoms it is possible to calculate the electron affinity of the reaction: 


Igas —> lgas. + Egas at 0°C. abs., 


Ezas being an electron. The value found, 72°6 + 2kg.-cal., agrees well 
with that calculated from Born’s lattice theory. 

When caesium iodide (having the CsCl-type structure) 1s deposited by 
evaporation on cleavage surfaces of mica, lichium fluoride, sodium Sey 
potassium bromide, potassium iodide and calcium carbonate, electron di 
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fraction examination has shown that the crystals touching the substrate have 
the NaCl-type structure. The lattice parameter a, for the NaCl-type crystal 
is 7-66A. and the interatomic distances are lower than in the CsCl-type 
structure.*® 

The calculation of the forces between molecules of argon and the body- 
centred caesium iodide crystal shows that the single ion in the second layer 
exerts more force than the four ions in a square in the surface of the cleavage 
layer. This force is greater than that due to the simple cubic potassium 
chloride. The variation of heat of adsorption with fraction of surface covered 
is less than might be expected because of the opposed effects of the electro- 
static forces and van der Waals forces.’® 

A sufficiently sensitive experimental technique has been used to measure 
accurately the very small amounts of non-polar gas adsorbed on casium 
todide crystals (from 0+20 to 0*30cu.mm. per g. of salt) in the temperature 
range from 65°K. to 90°K. Isotherms for argon, oxygen and nitrogen have been 
determined and heats of adsorption for argon, oxygen and nitrogen are 4°5, 4-0 
and 4-0 x 10°g.-moles. The position at which the first monolayer is com- 
pleted is found to be given by a maximum when AF is plotted as a function 
of the amount adsorbed. Experimental and theoretical values are in good 
agreement and where divergence of the curves occurs, this can be ascribed 
to adsorption taking place in cracks and other irregularities. In the region 
between the completion of the monolayer and the bulk condensation of a gas, 
an amount equal to three to four times the first layer is adsorbed; the mole- 
cules are arranged in layers rather than in localized aggregates.*° Other 
authors have measured the adsorption of carbon monoxide, nitrogen, argon 
and oxygen by caesium iodide between 65-5°K. and 91:6°K. Heats of adsorp- 
tion are calculated from the Clausius-—Clapeyron equation and, within +100g.- 
cal. in the range 0.2 to 0-8 coverage, they show no definite trend with temp- 
erature. Over the initial region of decreasing heat with coverage, the logp 
against log X plots are accurately linear for argon, oxygen and nitrogen. The 
initial decrease in the heat of adsorption of argon, oxygen and nitrogen with 
Coverage is attributed to the non-uniformity of the caesium iodide crystal 
surface. The results have been used to test the effects of surface hetero- 
geneity, lateral interaction and secondary-layer formation on the heat of 
adsorption and on the form of the adsorption isotherm. The equilibrium form 
of caesium iodide is a rhombic dodecahedron and in consequence adsorption 
takes place on the (110) and not on the (100) surface. The same authors 
have determined the adsorption of two binary gas mixtures, nitrogen and 
carbon monoxide at 83-6°K. and argon and oxygen at 77-5°K., by caesium 
iodide. The total amounts of the two gases for each composition originally 
admitted were in a fixed ratio. Nitrogen and carbon monoxide mixtures 
follow a "mixed" Langmuir equation and any deviations are primarily due to 
the failure of the single-gas Langmuir equation to account for the adsorption 
of the individual gases. The adsorption of oxygen and argon follows the 
Freundlich equation. This is due to (1), the much lower net heats of adsorp- 
tion of oxygen and argon which allow multilayer adsorption to occur well 
before the monolayer is complete, and (2) in the lower pressure range the 
amounts of these two gases adsorbed are smaller and deviations from the 
Langmuir equation due to heterogeneity are more marked. Bax) 

The root mean square amplitude of atomic vibration at 293°K. is given as 
0:33 for caesium iodide (Lonsdale).7* The frequencies and anharmonicities 
of the lattice oscillations of caesium iodide, i.e. the oscillations of the inter- 
penetrating lattice of the caesium and iodine ions with respect to one another 
have been calculated on the basis of the Born model. The calculated value 
of the frequency of lattice oscillation, 1-8 x 10°'7, is in good agreement with 
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observed values (Krishnan and Roy). The anharmonicity of the lattice os- 
cillation, unlike its frequency, varies with the direction of the oscillation 
from a large positive value along [111] to a small negative value along [100].”* 

The intensity of orbital interaction of salts with ions of elements of atomic 
number one above or below the rare gases (i.e. with 6p electrons) is calcul- 
ated’* from the equation: | 


T = FYN 


where J = m.p. in K.; N = no. of orbital contacts. For caesium iodide, 
where N = 12, F = 258. 

Molar refraction and ion distance determinations for alkali halides of 
noble gas shell such as caesium iodide, lead to ion radii and polarizability 
values in good agreement with values determined by other methods, indicating 
that univalent ions of the same shell structure do not deform themselves in 
such lattices. The ratio of the radii in such lattices is always approximately 
= 0-73. From the ion radius, ion refraction and polarizability are also in 
good agreement with similar values calculated theoretically or empirically. 
For a-caesium iodide, ion distance = 3.828A., molar refraction = 26-3cm.°, 
(25-1); ion radii = 1°62 A. for Cst, 2-2A. for I~, (1-45, 22; 1-69, 2-16); ion 
polarizability = 2-37A.° for Cst, 6-58A.° for I7, (2°56, 7-55). Brackets give 
theoretically and empirically calculated values.*§ 

When silver halides are combined with the corresponding alkali halide, 
the phase diagrams show certain regularities: with. the chlorides, lithium 
and sodium form solid solutions, potassium and rubidium form eutectics and 
caesium forms a peritectic; with the bromides, lithium and sodium form solid 
solutions, potassium forms a eutectic, and rubidium and caesium peritectics; 
and with the iodides, only lithium forms a solid solution, sodium a eutectic 
and potassium, rubidium and caesium peritectics. The change from one type 
of diagram to the other is explained by the formation of complexes.”* 

The system caesium-caesium iodide shows complete miscibility at and 
above the melting point of the salt. The temperature-concentration range of 
coexistence of two liquid phases which, in analogous systems, decreases 
from sodium to potassium, disappears altogether for the Cs-—CsI system. The 
solubility of the solid halides in the corresponding liquid alkali metals at a 
given temperature increases greatly with the atomic number of the metal, 
owing to a decrease of cohesive forces in both the metal and its salts as 
the atomic number increases. In the case of caesium with its relatively low 
cohesive energy (heat of vaporisation = 16-3kg.-cal.), the "substitution" of 
anions for electrons in the metal also requires a relatively low energy. The 
cohesive energy or heat of sublimation of caesium iodide = 38kg.-cal. and the 
heat of solution = 18 + 1kg.-cal.”” 

The cubic compressibility of caesium iodide is 9-3 per megabar x 10°° as 
derived from the semi-empirical equation 

B=kV,/U 
where 8 = compressibility; / = empirical constant; Vm = molecular volume; 
U = molecular heat of formation of the salt.** 

The compressions of caesium iodide under 50,000kg. per sq.cm. at room 
temperature and at the temperature of solid carbon dioxide are 0-2025 and 
0-1928 respectively.** The compression for the decrement 50,000—100,000 
kg./sq.cm. is 0-086 at room temperature.*° ; 

By directing a molecular beam of caesium iodide at a thoriated tungsten 
wire (at 1200—1500°K.) yields of iodine negative ions have been obtained. 
The maximum and stable yields were 4% and 2% respectively and are con- 
siderably less than yields of negative ions obtained with caesium chloride or 
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bromide. No molecular ions were produced. The yield from pure tungsten 
surfaces was much lower.** Caesium iodide is effective as an activating 
agent in the selenium rectifier. Small traces of caesium iodide in the sel- 
enium plate coated with a ternary (tin~cadmium=bismuth) eutectic alloy de- 
crease the resistance considerably in the positive direction but increase it in 
the negative direction. In this respect caesium iodide is a more effective 
activating agent than caesium bromide or caesium chloride which has prac- 
tically no activating effect.*? 

Caesium iodide is one of a number of iodides which have been examined 
as a catalyst in the production of tetraethyl and tetramethyl lead made by the 
reaction of finely divided lead with ethyl or methyl chloride or bromide but 
its catalytic value is not high with respect to this reaction.” 

The stability of caesium iodide sulfone, CsI,3SO,, is indicated by the 
dissociation tension in mm. at various temperatures as follows: at 2258s, 
51; at O°C., 269+25; at 15-4°C., 704; at 16-46°C., 760." 

Ramsey has shown that chemical shifts result from precessional motions 
induced by the applied magnetic field in the electrons surrounding the nucleus. 
‘This precessional motion produces a small local field at the nucleus in 
opposition to the applied field and this local field will vary from molecule to 
molecule as a result of the variations in electronic structure. 100% ionic 
compounds have no chemical shifts and so the shielding change observed 
for caesium iodide indicates that there is some covalent character in the 
crystalline bond. The chemical shift of the ***Cs magnetic resonance, 


Ao = (Hs ~— Hy)/Hrp x 10%, 


where fis and [Hy are the magnetic fields necessary for resonance at a fixed 
frequency for the sample and reference respectively, is -2-52 for caesium 
iodide, the reference being a saturated aqueous solution of caesium chloride. 
The magnetic shielding of the alkali metals decreases from the fluoride to 
the iodide, while the ion in solution has the largest shielding of all.** 

The supersaturation limit for caesium iodide in aqueous solution is cal- 
culated from the formula: T, - T = 130V/A where T, = absolute saturation 
temperature; 7’ = absolute temperature of the first spontaneous crystallisation; 
o = specific surface energy; Vm = mol. volume; \ = heat of solution. Ex- 
perimental values given are: \ = 8104; o = 106; oVm = 6112, giving Ts - T = 
9°6°C. The radius of the stable crystal nucleus at the first temperature of 
spontaneous crystallisation is shown to be of the order of 10° cm. and varies 
hyperbolically with the degree of supersaturation.”® 

The total heat of hydration Ht (kg.-cal./mole) of caesium iodide has been 
selected on the basis of measurements of heats of solution at infinite or very 
high dilution and values of lattice energy U although the latter term involves 
an uncertainty of thermodynamic definition.*” The value given for caesium 
iodide is 127kg.-cal./mole. As a principle for separation of H+ into heats 
of solvation H*+ and H~ of the individual ions, Mishchenko rejects assump- 
tions made by Bernal, Fowler and other workers and ascribes equal heats 
of solvation to Cs* and I~ ions on the assumption that the difference in their 
radii is compensated by the H,O dipole moment dissymmetry. On this basis, 
heats of solvation of Cst and I~ become 63 and 63kg.-cal./g.-ion respectively. 
Co-ordination numbers, n, (no. of mols. of water surrounding the ion in the 
nearest solvate envelope) are for Cst, 8 and for I~, 8 and are evaluated from 
the known radii of the ions and the radius r, of the water molecule. Reas- 
onable values are obtained withr,,,=1°93 A. corresponding to liquid H,O but 
not withr,, = 1°38 A., the radius of H,O in ice. The values are at considerable 
variance with those of Bernal, Fowler and others who attribute n = 4 to all 
univalent ions on the assumption of a "frozen" hydrate envelope. The ratio 
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of the heat of solvation fH, and the co-ordination number n gives the heats 
of interaction fH, between the ion and 1mol. water in the solvate envelope as 
7-Okg.-cal./g.-ion for Cst and 7-9kg.-cal./g.-ion for I-. These values can 
be represented as a function of the ionic radii in the form: logH] = (1-38/r-) 
“+ 0°25; log H* = (0-70/r*) + 0°47 and (1/H7) = O-lr~ - 0-085; (1/H+) = O-1r* - 
0-035. Simple consideration of electrostatic interaction gives per mol. H,O 
an energy of 127-06 x 10°°/(r; + ry + B)?kg.-cal./g.-ion. Values calculated 
with this formula are in very fair agreement with the experimental heats of 
solvation for Cs* and I- with B = 0:25 and ry = 1-93A. The effective radii 
of water molecules in the hydrate envelope of Cs* and I- have been calculated 
to be 1-10 A. and 2-09A. respectively, which being greater than 1-93 A. indicate 
an expansion of the hydrate envelope. 

From standard electrode potentials of iodine and caesium and from rele- 
vant free energy data, Kanevskii has calculated the standard free energy of 
hydration of the ions Cs* and Im to be 126*Okg.-cal. per mole.** | 

The specific heat capacity of caesium iodide in aqueous solution of 10-40% 
concentration is 0°8834g.-cal./g.degree. The extrapolated molar heat cap- ° 
acity (C) of caesium iodide at infinite dilution is ~31-8 + Lkg.-cal./mol.- 
degree calculated from the equation C = (277/7,, ) - 31-le, assuming that C 
for caesium = C for iodine, e = formal charge on the ion. The inverse "aque- 
ous" ionic radius (1/rgq,) is calculated on the assumption that caesium ions 
and iodine ions have the same radius in solution.” 

The fluidity @ of aqueous solutions of caesium iodide is given by the 
equation of Jones and Dole:*° 


@=1-AV/c-Be (c = concentration in M./litre.). 


The equation holds up to c = 0+1 at O°C. and 0-2 at 25°C. By addition of a 
term Dc’ the equation holds to 1-44M. A is calculated from the Debye theory 
but experimental results are not in very good agreement with the theory of 
Falkenhagen and Vernon on the effect of interionic attractions on the vis- 
cosity. The density of the solutions is calculated from Root’s equation 


D* = 0-99707 + 0°20225c — 0-00162¢% 


valid for concentrations to 2N. Caesium iodide is found to be more effective 
in lowering the viscosity of water than any other known salt. Equivalent 
ionic conductances at 0°C. are for Cs*, 44°4; I 43-4 and at 25°C. for Cst 
78°1; for l 76°7. 

In introducing the concept of closest approach of ions in an extension 
of the theory of the conductivity and viscosity, it is assumed that the ions 
are of finite size, having a distance of closest approach (a). Various deriv- 
ations of a for caesium iodide are as follows: from the osmotic coefficient, 
3-75A.; from conductivity, 3-0A. (at O°C.); from ionic mobility, 2-38A.; 
from crystallographic data of ionic radii (Pauling), 3-85A. The theory is 
valid for concentrations up to 0-1 N. in the case of conductivity but appears 
to be invalid in the case of viscosity.” 

When electrolytes are dissolved in water there is normally a decrease in 
volume which, according to the theory of Drude and Nernst, is due to the ac- 
cumulation of water molecules by the ions of the electrolyte in their proximity 
in such a way that the density of the water increases. Solutions of caesium 
iodide however show an increase in volume and no satisfactory explanation 
has been given for this effect.” Pas. 

Surface tension measurements of aqueous solutions of caesium iodide 
show that the surface tension-concentration curve passes through a minimum 
if no wetting film correction is made; t.e. at sufficiently low concentrations 
the salt decreases the surface tension of the solution and is "capillary active" 
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and according to Gibbs’ theorem the salt is positively adsorbed, while at 
moderate and high concentrations the salt is "capillary inactive" and in- 
creases the surface tension of the solution.** In Table J the figures in 
column 4 should be constant if surface tension « concentration. 


TABLE I.- VARIATION FOR CAESIUM IODIDE OF SURFACE TENSION AND 
DENSITY WITH CONCENTRATION AT 25°C. 


F 


°99995 ~0°5 
°99986 ce | 
°99984 —0-32 
°99987 —0°13 
*99991 -0-045 
*99998 -0-004 


°997101 
°997119 
°997183 
*997288 
°997474 
*998101 
°999100 


1-001118 
1:017179 
1-017258 
1°037389 


1-00010 
1-00038 
1°001010 
1-001930 
1-003610 


+0-010 
+0-019 
+0-0202 
+0°0193 
+0-0181 


The density i is expressed by means of Root’s equation: 


D*5 = 06997074 + 0°182105¢ - 0-015075¢” 


Determination of the refractive index, n, of aqueous caesium iodide solu- 
tions in the concentration range 0-002—0-0002N. shows that the difference in 
refractive index between solution and solvent is a linear function of the 
square root of the concentration from 0*002N. down to a concentration which 
depends on the type of salt used. The results in Table II indicate absence 
of ionic deformation.“ 


TABLE I].- VARIATION OF REFRACTIVE INDEX WITH CONCENTRATION FOR 
AQUEOUS SOLUTIONS OF CAESIUM IODIDE 


Concn. (Normality) | Refractive Index 
n(On x 10°) 


Table III gives the variations of osmotic and activity coefficients with 
concentration for aqueous solutions of caesium iodide: these figures differ 
only slightly from earlier values published by Robinson.‘ 

Table IV gives the solubility of caesium iodide in certain organic liquids.” 

Attempts have been made to correlate the solubility of caesium iodide 
and other alkali halides in various alcohols, acetone and water with the 
dielectric constant of the solvent but because of the many factors involved 
no generalrule has been established. In contrast to that in the other solvents, 


Refs. p. 2388 


89°] IODIDE 2381 


0-01 0-02 0-03 0:04 0-05 
FIG. 1.- REFRACTIVE INDEX—CONCENTRATION CURVE FOR AQUEOUS 
SOLUTIONS OF CAESIUM IODIDE 


TABLE III.- VARIATION OF OSMOTIC AND ACTIVITY COEFFICIENTS WITH 
CONCENTRATION OF CAESIUM IODIDE SOLUTIONS 


oth 
°2 

3 

4 

5 
°6 
ie 
°8 
oS) 
0 
2 
°4 
°6 
8 


TABLE IV.- SOLUBILITY OF CAESIUM IODIDE IN METHYL ALCOHOL, 
ACETONITRILE AND FORMIC ACID 


| Temp. | Methyl alcohol | oe | Acetonitrile | Formic acid 


d Ss c 
18 noe ae oe ft 7 1°456 | 28-1 | 1-22 
25°C. °813 *787 | 0-9 1°46 29°0 | 1°29 


d = density; s = solubility in g./100g. solvent; c = concentration in mols./litre 


the solubility of the alkali halides in acetone depends upon the anion.*’ 
The solubility of caesium todide in acetone (in weight -%) from -80°C. to 
40°C. is given by the expression:** 
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0-295 — 3°03 x 10°t — 2-79 x 10 St? 


Caesium iodide is a strong electrolyte in acetonitrile and exchanges 
iodine with C,H,I with an activation energy of 18kg.-cal./mole. The process 
involves the inorganic I~ ion.” 

The e.m.f. of the cell Cs|0-01N. CsI in CH,CN|0-01N. AgNO,in CH,CN|Ag 
at 25°C. is 2+:2723volts. The temperature coefficient between 20°C. and 
30°C. is -3 x 10“ volts per degree. The effect of dilution on the e.m.f. is 
relatively small, showing that the activity coefficient of caesium iodide in 
acetonitrile is considerably smaller than 1. Caesium iodide gives less than 
a 2% solution in acetonitrile.*° 

From polarographic studies of caesium iodide at a concentration of less 
than 1-Omillimole/litre in anhydrous acetonitrile in a supporting electrolyte 
of 0-1M. tetrabutylammonium iodide, values of id (microamps.), by and 
E, ate as follows: ig = 3°78; Et; = -1-34; E, = -2+272. In this system, 
caesium iodide gives a wave inva trin one electron reduction with a slope 
0-06, indicating a reversible process.” 

The solubility of ethyl acetate in aqueous solutions of caesium iodide is 
given in Table V. The experimental activity coefficients of ethyl acetate in 
0-100M. and 0+200M. caesium iodide solution are 1*003 and 0°999 respectively. 


TABLE V.- SOLUBILITY OF ETHYL ACETATE IN AQUEOUS 
SOLUTIONS OF CAESIUM IODIDE 


0-100M. 8:07 7°68 7°29 g. ethyl acetate/100g. H,O 
0-200 M. 8°08 T71 7°34 9g. ethyl acetate/100g. H,O 


For the alkali iodides, the experimental activity coefficients differ con- 
siderably from the theoretical activity coefficients calculated from equations 
based on the assumption of coulombic interactions.” 

Caesium iodide in 6-9N. hydriodic acid is not extractable with diethyl 
ether. 

Isotherms for the system mercuric iodide-caesium iodide-water at 0°, 
12°, 34°, 54° and 72°C. show the existence of five iodomercuriates:** 3CsI,- 
Hgl,, 2CsI,HgI,, 2CsI,3HglI,, CsI,HgI, and CsI,2Hgl,. The first three appear 
to exist over a considerable range of concentration®™ but CsI,Hgl, is found 
only at 0°C. and 12°C. and CsI,2HglI, at 78°C. 

Table VI gives freezing point, solubility and boiling point data for the 
system caesium iodide-water. The phase diagram based on these data shows 
a eutectic at -—4-0°C. and that the boiling point of the saturated solution 
corrected to 760mm. is 109+1°C. (108-6°C. at 740—750mm.).”° 


TABLE VI.- CAESIUM IODIDE-WATER: TEMPERATURE-COMPOSITION DATA 


Soln. + vapour Soln. + CsI Soln. + CsI 
Temp. | @051 GSI “C51 


32°4 

35°6 

45-9 

59-3 

61-0 

61°3 

TTT 

88 

102-8 
a 109-1B] 71-48 
E = Eutectic; S = saturated with solid phase; B = boiling point; 

t = total composition solid and liquid 
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109:1° (760mm) 


120 


Vapour + Solution 
100 


60 
Solution + CsT 


Temperature °C 


20 


20 


40 | 60 80 mathe) 
if CsI 


FIG. 2.- THE SYSTEM CAESIUM IODIDE-WATER AT 760mm. 


Chemical Properties 


Caesium iodide reacts with sulphamic acid, HSO,.NH,, to give the tri- 
iodide, CsI,. Because of the stability of caesium tri-iodide both as a solid 
and in solution, it can be used as a standard for iodometric analysis since 
iodine is easily liberated. Titrations with tri-iodide solution compare very 
favourably with titrations employing standard iodine solution.” 

A double salt CsI,MgSO, of the type KCl,MgSO, has been obtained. The 
electric conductivity of the fused kainite system has a sharp minimum at the 
molar ratio 1:1 indicating a decrease in the number of ions, i.e. persistence 
of the complex ions characteristic of kainite even in the fused state. The 
electrical dissociation is probably into[Csl+and lIMgSO,]~. The formation of the 
kainite is thus contingent on the relative attractions of Cs*t and Mg** for I~ 
and is determined by the generalized moment p = Z/r where Z = charge, r= 
radius of the ion. 


CAESIUM POLYIODIDES 


According to Clark, the crystal structures of caesium tri-iodide (ortho- 
rhombic), caesium dibromoiodide (orthorhombic) and caesium dichloroiodide 
(rhombohedral hexagonal) indicate the same relative arrangement of the atoms. 
The three halogen atoms constituting the complex anionic group lie in a line 
with the heaviest at the centre on the body diagonals of the unit parallelepiped 
containing one molecule and thus constitute a singly acting unit in the solid 
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lattice. This is also true of the complex ions in solution. The relative 
stabilities of the polyhalides are directly related to the lattice dimensions; 
therefore, other things being equal, sodium atoms are not able to hold three 
halogen atoms in this kind of spatial distribution and the equilibrium I- + 
I, = I.I[ is preponderantly to the left. If the unit parallelepiped of caesium 
tri-iodide has a diagonal along which lie one Cs and three | diameters, the 
atomic radii of Cs and I are appreciably smaller than those found in simple 
halides etc. This is taken to mean that a great compressing force parallel | 
to the diagonal squeezes the atoms together in this direction, agreeing with 
the known properties, the conception of compressible atoms and with the 
non-additivity of atomic radii.** 

Pauling and Bozorth reached different conclusions from a consideration 
of spectral and Laue photographs and the theory of space groups and assigned 
the following dimensions to the orthorhombic unit cells, each containing 4 
molecules CsI,: dy, = 6°83, 6°80A.; doo ™ 9°89, 10°00; doo, = 11-00, 11-02. 
CSIBr, dio = 6-573 dare ~ 9°183 doo, = 10°66. 

The lattice and space group for both are probably I’, and V*f respectively. 
The atoms in the units are not placed.” 

Recent BLOG rai of the crystal structure of caesium tri-iodide gives 
the following data:°° a 686; 5 9-98; c 11°09A., space group Pmen, Z = 4 
mols. per unit cell; the complete structure shows that the I, ion has an 
asymmetric, non-linear form; Cs-I = 392A. X-Ray analysis of caesium 
tetraiodide shows a space group P2,/a with four caésium tetraiodide mole- 
cules per unit cell, The structure consists of Cs* ions and flat Uy-1-Tj] 
ions, the latter showing a weak interaction between their constituents.” 

The existence of caesium pentaiodide has been disproved and the cor- 
rectness of the formula caesium tetraiodide confirmed for the higher poly- 
iodide of caesium. Caesium iodide was melted with excess of iodide and the 
mixture exposed to sodium hydroxide in a desiccator. The mixture was 
weighed at 2—3 day intervals. The loss of weight-time curve showeda 
definite break corresponding to caesium tetraiodide. The change of slope 
also showed that the vapour pressure of casium tetraiodide is much less 
than that of free iodine.®? 


CsI, 


Cs qT; 


Time 


FIG. 3.- LOSS OF WEIGHT-TIME CURVE FOR CAESIUM IODIDE-IODINE 
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From the diagram of the system caesium iodide—iodine, Fig. 4, the eutectic 
for 18mol.-% caesium iodide is fixed at 71¢5 + 0-1. The presence of four 
solid phases, I,, CsI,, CsI, and CsI is confirmed but none of these poly- 
iodides is stable at the melting point. A pronounced change of phase is 
detected at 208—211 °C. below which temperature the compound CsI,1, (CsI,) 
appears. A second point occurs at approximately 136°C. where presumably 
the compound 2CsI.31, (CsI,) begins to form. The diagram further disproves 
previous reports of the existence of CsI,.°* Later work by the same author 
has established a more accurate value of 140 + 0-5°C. for the temperature of 
the transition between the tri-iodide and tetraiodide. 


Temperature °C 


200 


FIG. 4.- THE SYSTEM CAESIUM IODIDE-IODINE AT 745mm. 


In dilute solutions of caesium iodide and iodine in ethyl alcohol pronounced 
anomalies in density and viscosity have been observed of such a character 
that they indicated the apparent existence of Ij, If and I> ions with smaller 
proportions of CsI,, CsI, and CsI, . No anomalies were found with CsI, and 
CsI,. Under some conditions, dilute alcoholic solutions of caesium iodide 
showed a "negative viscosity." 

Caesium tetraiodide is diamagnetic and is therefore correctly formulated 
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as Cs,I, and not CsI, which would have a strong component of paramagnetism 
_ owing to the unpaired electron of the IJ ion. The magnetic susceptibility 
is close to the calcuiated value. The stability of Csal, and CsI, is ascribed 
to resonating configurations in the polyiodide groups.° 

Solubility determinations in benzene and toluene at 6°C. and 25°C. prove 
the existence of the binary compounds caesium tri-iodide and caesium tetra- 
iodide. In benzene, a ternary compound, CsI-9I-2C,H, is also found. From 
solubility data, the following dissociation pressures are calculated: for 
CsI, at 6°C. -0°000131mm.; at 25°C., 0-000970mm.; for CsI, at 6°C. -0-00775 
mm.; at 25°C., 0:04790mm. giving heats of dissociation, by van’t Hoff’s 
equation, for CsI,, -17,500g.-cal., and for Csl,, -15,800g.-cal. The 
dissociation pressures of caesium tri-iodide are lower than those of rubidium 
tri-iodide.*” 

Fig. 5 shows the phase diagram for the ternary system caesium todide- 
iodine-water in air at 740—750mm.™ The solid phases are ice, iodine, 
caesium iodide, caesium tri-iodide and caesium tetraiodide. The ice field 
is almost invisible in Fig. 5a,but may be seen in part in the enlarged section 
(Fig. 5b). 


CsI, (with 2 liquids) 


s R_ 10 20 30 40 50 60 70 80 cal mE 2) A 


FIG. 5a.- THE SYSTEM CAESIUM IODIDE-IODINE-WATER AT 740—750 mm. 


The field of the tri-iodide extends over a very wide area of the projection 
diagram, while a large part of the tetraiodide and iodine fields is masked by 
the binodal region. There are 4 ternary invariant points below the vapour 
region: viz: B at -4:0°C. for ice-caesium iodide—caesium tri-iodide-liquid; 
K at -0-5°C. for ice-caesium tri-iodide-caesium tetraiodide-liquid; i at 
-0:2°C. for ice-caesium tetraiodide-iodine-liquid and F,F, at 51-5°C. for 
caesium tetraiodide-iodine-two conjugate liquids. Point B is the only 
ternary eutectic and there are no dystectic points on any of the field bound- 
aries. 

Starting at the lowest point B, there is a rise along KB (ice-caesium 
tri-iodide-liquid) in the direction of L, along SL (ice-iodine-liquid) in the 
direction of S, along BQ (caesium iodide-caesium tri-iodide-liquid) in the 
direction of Q, along AB (ice-caesium iodide-liquid) in the direction of A 
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10 


FIG. 5b.- PART OF FIG. 5a ENLARGED 


(although the temperature difference is hardly enough to be experimentally 
detectable). There is also a very abrupt rise along UC (caesium iodide- 
caesium tri-iodide-liquid) in the direction of C, along KD (caesium tri-iodide- 
caesium tetraiodide—liquid) in the direction of D, along LF, (caesium tetra- 
iodide—iodine-liquid) in the direction of F, and along FE (caesium tetra- 
iodide~iodine-liquid) in the direction of E. All these “temperature rises 
accord with the theorem of van Alkemade as interpreted by Bancroft. As_ 
to the binodal boundaries, the temperature rises along G,F, and passes 
through a maximum on F,PF, (caesium tetraiodide-2 conjugate liquids) at 
P (plait point saturated with caesium tetraiodide). It should be noted that 
the temperature rise along KD is abrupt at first, then gradual then abrupt 
again as the line nears D. The rise is also abrupt along LF, and moderately 
so along F,E. The condensed boundary UC, the exact position of which is 
uncertain, is a continuation of BQ (caesium iodide-cae sium tri-iodide—liquid) 
and F,E is a continuation of LF, (caesium tetraiodide-iodine-liquid), Under 
the pressure prevailing (740-750 mm.) the complete boundary curve from B 
to C is broken into separate parts BQ and UC because it intersects the 
ternary boiling point surface at Q (109 -6°C.) and U, The break in the other 
boundary curve is due to the fact that the simple liquid phase splits into 
2 conjugate solutions at FF, (51-5°C.). 
Table VII lists the binary and ternary invariants of the system. | 
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TABLE VII.- BINARY AND TERNARY INVARIANTS OF THE SYSTEM CARSIUM 
IODIDE-IODINE-WATER AT 740—750mm. 


Position Temp. Phases Present 
(e) 
GCG 


Ice, iodine, liquid 

Ice, CsI, liquid 

Iodine, CsI, liquid 

CslI,, CsI,, liquid 

CsI,, CsI, liquid 

Iodine, liquid, vapour 

Iodine, liquid, vapour 

CsI, liquid, vapour 

CsI, liquid, vapour 

Ice, CsI, CsI,, liquid 

Ice, CsI,, CsI,, liquid 

Ice, CsI,, iodine, liquid 

CsI,, iodine, 2 liquids 

CsI,, iodine, 2 liquids 

Iodine, 2 liquids, vapour 
10°8 Iodine, 2 liquids, vapour 
61°9 CsI, CsI,, liquid, vapour 

Unknown | CsI, CsI,, liquid, vapour 


LON 


i 
2 
1 
2 


LOOP, 


iS) 

A 
E 
D 
C 
R 
H 
M 
N 
B 
K 
L. 
F 
F 
G 
G 
Q 
U 


Unknown8 | Unknown 


TEMPS: E = Eutectic pt.; U = Transition pt.; -B = Boiling pt.. (740—750mm.). 
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SECTION XC 
CAESIUM SULPHIDE 
By L.F. WILSON 


Caesium monosulphide, Cs,S, is prepared in the solid state by direct 
combination of the elements or by the reaction of caesium metal with mercuric 
sulphide.* Combination of the elements in liquid ammonia is not suitable 
for this preparation.’ An aqueous solution of the salt is made by saturating 
a solution of caesium hydroxide with hydrogen sulphide and then adding the 
same quantity of caesium hydroxide.» When prepared in an inert atmosphere 
the solution is colourless but hydrolysis and oxidation can produce free 
sulphur which colours the solution yellow. Caesium monosulphide is a 
hygroscopic, white solid which reacts violently with water. The compound 
melts, with decomposition, at BAe The magnetic susceptibility 
at -183°C. and 20°C. is -0-35 x 10% 

Caesium hydrosulphide, CsSH, is | prepared by methods analogous to those 
used for the preparation of eubidium hydrosulphide.» The compound crystal- 
lises in the cubic system, a = 4: 29 As, and has the caesium chloride type 
structure. The X-ray pattern remains Bachan ged after heating the hydro- 
sulphide to 200°C. 

Caesium polysulphides up to the composition Cs,S, are known. The 
colours of these polysulphides | and their magnetic susceptibilities at -183°C. 
and 20°C. are given in Table I.” | 


TABLE I.- MAGNETIC SUSCEPTIBILITY OF CAESIUM SULPHIDES 


Sulphide Colour Magnetic Susceptibility 
at -183°C. at o0C., 


Yellow | -0-35 x 10% | -0-35, x 10y 
Red -0-35 x 10% | -0-35, x 10" 
Dark red | ~0.34, x 10° | -0- 35, x 10% 
Dark red | —0-35 x 10% -0-35, Xx 10 
Brown | -0-35x 10% | -0.35, x 10° 


The potentiometric titration of caesium polysulphide with casium metal in 
liquid ammonia solution, shown in Fig. 1, indicates the successive formation 
of the tetrasulphide and the disulphide. 

Caesium pentasulphide is prepared from a solution of the monosulphide 
and free sulphur. A deep-red colour develops on boiling the solution and 
large coral red crystals are deposited when the solution is evaporated in 
vacuo. After drying in vacuo at room temperature caesium pentasulphide 
monohydrate is obtained. The compound forms red, triclinic prisms with 
well developed faces; the crystal system is triclinic and the unit cell dimen- 
sions are: 


Qa™= 6°91 Aves b a 7°81 A., and C= 10°44A. 
a = 103° 32’, B = 108° 10’, and y = 97° 50% 


The space-group is P] and the measured density, 2-94, corresponds to two 
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FIG. 1.- TITRATION OF CAESIUM POLYSULPHIDE WITH CAESIUM 


molecules in the unit cell. 

Anhydrous caesium pentasulphide is prepared by dehydration of the 
monohydrate in vacuo for 10hr. at 80°C. At this temperature no loss of 
sulphur occurs. The anhydrous salt has m.p. 210°C. and d 2-94. It is a 
coral red powder and the X-ray diffraction pattern is markedly similar to that 
of the monohydrate. — 

Caesium hexasulphide, Cs,S,, is prepared in the form of brown, prismatic 
needles by disproportionation of caesium pentasulphide in 70% aqueous 
alcohol. The production of the hexasulphide indicates that in pentasulphide 
solutions S,- ions are present in equilibrium with S.~ ions. The equilibrium 
is displaced in the direction of hexasulphide formation by the conditions 
in the aqueous alcohol solution.’ The crystals of casium hexasulphide 
smell strongly of hydrogen sulphide and oxidise rapidly i in air to give caesium 
thiosulphate and sulphur. The compound crystallises in the triclinic system® 
and the unit cell dimensions are: 


@ = 11°53A., 0 = 918A., C = 467A. 

GOR Sg Bm O12 ay 95: 8 
The space group is P1 and the measured density, 3076, indicates that there 
are two molecules in the unit cell. The structure of caesium hexasulphide 
has been completely determined. The caesium atoms are ionised and the 
resulting hexasulphide ion is non-branched and non-planar. The average 
S-S-S bond angle is 108° 8%. Two types of S~S bond, of length 2°02A. and 
2°11 A., arranged alternately long the sulphur chain, are present. 
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SECTION XCI 
CAESIUM SULPHATE 
By N.M. HOPKIN 


Physical Properties 


The solubility’? of caesium sulphate in isopropyl, propyl, ethyl, methyl, 
and tert.-butyl alcohols, dioxan, acetone and ethylene glycol and their mixtures 
with water at 25°C. exhibits a diminution with an increase in the concentration 
of the organic solvent. Taking the series in the order given, the preceding 
solvent decreases the solubility of caesium sulphate to a greater degree than 
the succeeding one for the same concentration. The log of the solubility (S) 
of caesium sulphate in methyl and ethyl alcohols and their mixtures with water 
varies in the inverse proportion to the dielectric constant (D) of the solvent at 
that concentration: logS = K + (A/D). 

In the case of ethylene glycolthe same relation is expressed by two straight 
lines: one for a mixture rich and one for one poor in water. The values of K, 
-A and the concentration of the organic solvent for which this linear depend- 
ence holds true are for methyl alcohol, 4°25, 157°0 and 0—100% by wt., and for 
ethylene glycol 4°32, 158°4 and up to 85%. by wt. : 

The integral heat of dilution (Vm) and the differential heat of dilution’ 
(D,) for caesium sulphate over the range 107 to 10“*M. are shown in Fig. 1. 
At thehighest dilution the latter is positive, rising to a maximum when the con- 
centration is still small, but ultimately becoming negative. 
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FIG. 1.- INTEGRAL AND DIFFERENTIAL HEATS OF DILUTION OF 
CAESIUM SULPHATE AT 25°C. 


The density* of caesium sulphate has been given as 3°034 at 1040°C. and 
2°890 at 1220°C. Herz confirmed that Mendelyeev’s equations for the thermal 
expansion of liquids holds good for molten salts, including caesium sulphate. 

Photographs ofthe luminous area surrounding minute beads of molten caesium 
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sulphate on loops of platinum wire in the flame of a Méker type gas burner 
were used to determine the coefficients of diffusion® of caesium in the flame. 
The border of the luminous area represents a uniform salt concentration of 
minimum visibility and corresponds to the equation: 


K = (nv/2)[(dx/dn)= 1) 


where K = coefficient of diffusion; n = distance of border of the flame to the 
bead; x = vertical distance of this point on the border above the head; v = 
vertical velocity of the flame gases. 

For caesium sulphate K = 8*5 + 10%. This result indicates that metal 
ions are free part of the time during diffusion and.combined part of the tir e. 
The flame temperature was 1436°C. 

A specimen of caesium sulphate at 1200°C. in a stream of water vapour 
flowing at 18g./hr. in a 20mm. tube was found to lose 90°85% of its wt. in 1 
hr. by simple volatilisation;* the molecular volatilities at this temperature 
of the sulphates of potassium, rubidium and caesium are as 1+4:2+1:1, in spite 
of the closeness of their m.ps. (1074°, 1074° and 1019°C.). It would seem 
that volatility is determined less by the ionic bonding in the solid state than 
by the changes of bonding that take place after fusion. Stronger bonding in 
the solid state may give rise to a weakening in the liquid state. — 

The crystal structure’ of caesium sulphate is agreed by most workers to be 
a simple orthorhombic lattice containing 4 molecules per unit cell, for which 
a = 6724, b = 10°92 and c = 8-224. | 

The diffusion coefficients’ of caesium sulphate in water at 25°C. have 
been determined by Harned et al. using the conductance method. They found 
very good agreement between the observed and calculated values. The sul- 
phate used was prepared from the chloride, dissolvedin water, and precipitated 
by adding a large excess of ethyl alcohol. It was further purified by recry- 
stallisation from water. The spectrographic analysis gave <0-001% Na.or Li, 
<0°:01% Rb and the pH of a 0°01M. solution was 6-0. 


TABLE I.- DIFFUSION COEFFICIENTS OF DILUTE AQUEOUS 
CAESIUM SULPHATE SOLUTIONS AT 25°C. 


C Coefficient of Diffusion D x 10° 
nil 


0:00096 

0-00102 
0-00112 
0°00120 
0-00150 
0:00248 
0-00251 
0-00378 
0-00468 
0:00472 


The solubilities? of caesium sulphate at high temperatures and pressures 
in water and uranyl sulphate solution have been determined in sealed con- 
tainers by Jones et al.; the results are given in Table II. 

Throughout the experimental range caesium sulphate. showed a positive 
temperature coefficient and there was no tendency for the solutions to become 
supersaturated. No crystals reappeared in any of the solutions when heated 
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to ca. 310°C. The presence of uranyl sulphate, unlike that of yttrium, lan- 
thanum, cadmium or silver sulphate, decreases the solubility of the saturating 


species, and the solid phase separating with 1-348m. UO,SO, may be a double 
salt. 


TABLE II.- SOLUBILITY OF CAESIUM SULPHATE AT HIGH 
TEMPERATURES AND PRESSURES 


Wt.-% Cs,SO, Wt.-% Cs,SO 
WiereCRbO, in 1°348m. ¢ in 0-1272m,_ 
UO,SO, UO,SO, 


in water 


The caesium sulphate-caesium fluoride equilibrium diagram*® is similar to 
that of rubidium sulphate-rubidium fluoride (Fig. 2). Both caesium and rubid- 
ium form compounds of the general formula M,SO,,MF. The isotherms at 25°C. 
for the system cerium sulphate-caesium sulphate-water** have been determined 
and the compound Ce,(SO,),,Cs,SO,,8H,O identified. It is a white crystalline 
powder with a pinacoid structure, {010}. . 


1000 
x 
800 
600 
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FIG. 2.- EQUILIBRIUM DIAGRAM OF THE CAESIUM SULPHATE= 
CAESIUM FLUORIDE SYSTEM 


The system ammonium sulphate-caesium sulphate in water’? forms a.con- 
tinuous series of solid solutions with a congruent crystallisation point at 
0-49 mole fraction of ammonium sulphate. Fig. 3 shows the distribution of 
ammonium sulphate between the liquid and solid phases in this system where 
y, the mole fraction of the ammonium sulphate in the dissolved salts, is 
plotted against its mole fraction in the solid solution (x). 

The system caesium sulphate~magnesium sulphate’® has been studied. by 
means of heating-cooling curves. Very pure caesium sulphate was prepared 
by treating a solution of caesium chloride with excess of sulphuric acid, neu- 
tralising with caesium carbonate, evaporating to dryness and calcining. The 
liquidus of the system exhibits a slight inflexion at 63mol.-% MgSO,, which 
indicates the formation of the compound Cs,SO,,3MgSO, (I) m.p. 835°C. There 
is a eutectic at 680°C. of a—Cs,SO, with (I), corresponding to 45mol.-% MgSO,. 
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FIG. 3.- DISTRIBUTION OF AMMONIUM SULPHATE BETWEEN LIQUID AND SOLID 
SOLUTION IN THE SYSTEM (NH,),SO,-Cs,SO,-H,O 


In the solidus the compound 2Cs,SO,,MgSO, was detected and was confirmed 
by X-ray analysis at 570°C., corresponding to 33+3mol.-% MgSO,. In the 
binary system caesium chloride-caesium sulphate™ there is a eutectic point 
at 553°C. corresponding to 29mol.-% Cs,SO, and a transition point at 760°C. 
with 76mol.-% Cs,SO, which corresponds to the polymorphous transition of the 
caesium sulphate. In the lithium sulphate~caesium sulphate system there are 
two congruent compounds. These are Li,SO,,Cs,SO, (m.p. 738°C.) and 4Li,- 
SO,,Cs,SO, (m.p. 637°C.). The first compound was obtained by crystallisation 
from the aqueous solution. Eutectic points lie at 680°C. with 31 mol.-% Li,- 
SO,, at 630°C. with 75*5mol.-% Li,SO, and at 620°C. with 89+2mol.-% Li,SO,. 
The two diagonal systems caesium chloride, lithium sulphate and lithium 
chloride, caesium sulphate are unstable. The diagonal Cs,Cl,-Li,SO, inter- 
sects the crystallisation fields Cs,Cl,, Li,SO,,Cs,SO,, 4Li,SO,,Cs,SO, and 
Li,SO,., The analogous diagonal of Li,Cl,-Cs,SO, also intersects the cry- 
stallisation fields of the two compounds and Li,Cl,, Li,SO, and Cs,SO,. The 
liquidus curve consists of five branches intersecting at 432°, 457°, 470°, 610° 
and 624°C. | 

From the silver sulphate-caesium sulphate-water system** the only solid 
phases to be observed were the pure salts. Isothermally invariant solutions 
saturated with the two salts have the following compositions: at 25°C., 1°57% 
Ag,SO,, and 63°76% Cs,SO,, and at 35°C., 1°80% Ag,SO, and 64°27% Cs,SO,. 

Caesium and calcium sulphates together form a compound of the langbeinite 
type”* [AIBI!(SO,),], which is Cs,Ca,(SO,),- Its density is 3-415 and its a- 
axis is 10°724A. 

The effect of caesium ions on the electrodeposition of copper*’ from sul- 
phate. solutions is to cause phase polarisation and to hinder the access of 
copper ions to the cathode. The phase polarisation occurs with 0°1M. CuSO, 
+ xM. Cs,SO, up to x = 01. The depressing effect of this polarisation in- 
creases from Li<Na<K<Rb<Cs. When x = 0°5, AE = 0*1 V., and the activity 
energy is almost 8000g.-cal. It is less at smaller values of x, but never less 
than 4500 g.-cal. ‘ 5: se 

The entropy of fusion*® of compounds decreases with decreasing ionic 
radius. This is attributed to the greater freedom of the tetrahedral SO) in 
the liquid than in the crystalline state, owing to the formation of voids. The 
rotation and vibration-liberation motion are more hindered in crystals con- 
taining large cations. Caesium sulphate, which melts at 1277°C., has a latent 
heat of fusion 9577 g.-cal.-mol., an entropy of fusion [Sf] 5:0 entropy units. 


Refs. p. 2399 


91-1 | SULPHATE 2397 


The ionic radius of the Cst cation is 1*69A. The freezing points of solution 
of caesium sulphate’? in sulphuric acid have been calculated from osmotic 
coefficients fitted to an extended form of the Debye-Hiickel equation; the 
dielectric constant at 10°C. was taken as 115. The results are given in Table 
III, where the f.p. of sulphuric acid is taken to be 10°365°C. . 


TABLE II.-FREEZING FOINT OF CASSIUM SULPHATE 
IN SULPHURIC ACID SOLUTIONS 


M. © Freezing 
Cs,SO, | Point °C. 


0-01 


The activity (y) and osmotic (#) coefficients of caesium sulphate have 
been accurately determined by the use of isopiestic methods.*° The re- 
sults are given in Table IV. These have been redetermined™ very accurate- 
ly by Stokes et al. These latest values may be arrived at by multiplying the 
activity coefficients (y) in Table IV by 1-018. 


TABLE IV.- OSMOTIC COEFFICIENTS AND ACTIVITY COEFFICIENTS O 
CASSIUM SULPHATE IN AQUEOUS SOLUTIONS ; 


SM | Osmotic coefficient@| Activity Coefficient y. 
Ol 3 


Chemical Properties 


The temperatures in air within which caesium sulphate” is stable were found 
to be 105—876°C. ‘This study was made by means of Chevenard’s* thermo- 
balance. Later Hegediis** used the same method to investigate the thermal 
decomposition of the sulphate and found the caesium sulphate to be stable in 
air at atmospheric pressure up to 960°C. In a 30/70 hydrogen-nitrogen mix- 
ture flowing at 331. per hr., caesium hydrogen sulphate is converted into the 
normal caesium sulphate at 300°C.; this is reduced at 620°C. to caesium sul- 
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phide which volatilises at approximately 700°C. The reduction of the normal 
sulphate also starts in hydrogen’® alone at 620°C., but in ammonia there is no 
sign of reduction by loss of weight until 770°C. 

The reactivity of boron trifluoride*® with the alkali-metal sulphates in- 
creases with increase of their atomic weight. Thus lithium sulphate will 
absorb only about 0-1 mol. of boron trifluotide, whereas caesium sulphate will 
absorb 2mols. to form the compound Cs S0,,2BF,. 7 

High-temperature ion-exchange reactions result in the formation of lithium 
sulphate when B- spodumene”” is calcined with caesium sulphate at tempera- 
tures up to 1500°C. Although the reaction proceeds the more rapidly the 
higher i is the temperature, it is slowed down and finally stops if the tempera- 
ture is high enough to form a viscous glass. 

The role played by alkali-metal sulphates in the catalytic oxidation of sul- 
phur dioxide to sulphur trioxidehas been much studied because of its industrial 
importance. Tandy** found that when vanadium oxide catalysts are used, in 
the temperature range 440-G600°C., a liquid is formed consisting of vanadium 
compounds dissolved in an alkali-metal pyrosulphate~sulphate mixture. The 
m.p. of this mixture decreases with increasing at. wt. of the alkali metal 
forming the sulphate. The increase in weight observed with an alkali-metal 
sulphate/V,O, mole ratio of 2:5/1 suggests the formation of normal pyrosul- 
phate (M,S,0,) and VOSO,.. When a caesium sulphate/vanadium oxide mixture 
is used there is also evidence for the partial formation of .a higher sulphate 
such as M,S,O,,5- The extent of the reduction of the vanadium oxide is lower 
in the presence of the alkali metals of the higher at. wts. It is constant for 
caesium sulphate between 410 and 520°C. The caesium sulphate/vanadium 
oxide mixture. can absorb more sulphur trioxide than would correspond to the 
formation of M,S,O, and VOSO, in the temperature range 380— 470° C. At 400°C. 
99-6% of the sulphur dioxide is converted to sulphur trioxide in a gas mixture 
containing 5% of sulphur dioxide, 20% of oxygen and 75% of nitrogen. X-Ray 
diffraction data?’ show that at 450—500°C. compounds approximating to the com- 
position V,O,,Cs,SO, are formed from mixtures of vanadium oxide and caesium 
sulphate. When this preparation is mixed with silica to give a vanadium con- 
tent of 6% its oxidation rate for sulphur dioxide at 420°C. is nine times that of 
the corresponding potassium preparation. The activation energy is 80 and 40 
kg.-cal./mole in the lower and higher temperature ranges, respectively. 

A "quick fusion" method® has been used to establish the conditions where- 
by normal alkali-metal sulphates are converted to the pyrosulphate by sulphur 
dioxide at atmospheric pressures. Caesium pyrosulphate is formed at 400° 
Thisisthe only alkali-metal pyrosul phate whichis formed under conditions such 
that any appreciable decomposition has not begun. In most other cases the 
pyrosulphate reaction takes place 30—130°C. aboveits m.p. and 50—130°C. above 
the temperature at which its own decomposition starts. By the use of radio- 
active tracer techniques it was found that caesium sulphate reacts with sulphur 
trioxide to form a polysulphate (Cs,SO,,4SO,) between 20 and 100°C. No such 
polysulphates are formed under these conditions with lithium or sodium sul- 
phates, although lower polysulphates are formed under these conditions with 
potassium and rubidium sulphates. The simplest caesium polysulphate is Cs,- 
SO,,2SO,, which is stable between 160° and 300° C. The temperatures at which 
decomposition begins increase in the order of i increasing at. wt; K<Rb<Cs. 

In their study ofthe reciprocal systems between caesium chloride, potassium 
sulphate and caesium sulphate, potassium chloride** Bergman et al. determined 
a deep minimum on the eutecticline and some shift of the reaction of decompo- 
sition towards the more stable diagonal pair — caesium chloride, potassium sul- 
phate because they possess .ailower isomorphism than the corresponding potas- 
sium-rubidium system. This is shown by a corresponding curvature on the 
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isotherms of the plane of isomorphous sulphate. Such a curvature is not ob- 
served in the potassium-rubidium system. 


Biological 


Caesium sulphate produces the same malformation™ of Salmanella paratyphi 
B as is produced by the chloride and nitrate. The effect is dependent upon 
the cation, its concentration, the pHand the size of the inoculum. The caesium 
salt inhibits the oxidation actions of: S. paratyphi-A, and -B, S. typhosa, Shig- 
ella, Escherichia coli, Aerogenes, Klebsiella and staphylococci, but not of 
enterococci. 

The formation of extreme growth forms in neutral media containing salts is 
closely related to their concentrations. Strains adapted to the abnormal con- 
centration of salts develop faster, and form morphologically normal cells i in 
media containing the salt. The adaptation i is much faster to the highly toxic®® 
caesium sulphate than to the less toxic sodium chloride. 
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SECTION XCII 
CAESIUM CARBONATE 
By N.M. HOPKIN . 


Physical properties 


The dielectric constant of caesium carbonate, determined by Schupp,’ is 
6°53 (wave-length 1800m. at 18°C.). The use of powdered or fused sait 
does not give very reliable results, but Schupp devised a method whereby the 
powder is added to a liquid placed between the plates of a condenser, the 
liquid being changed until one is found whose total capacity is not changed 
by addition of the salt. The dielectric constant of the salt is then that. of 
the liquid used. For example the dielectric constants of toluene, chloro- 
benzene and o-nitrotoluene being 2°31, 5°18 and 26:7 respectively, mixtures 
of these liquids can be used for such determinations. 

Four- and five-liquid equilibrium systems, of which one of the phases 
can be a saturated solution of caesium carbonate, have been reported by 
Carritre.?__ In the four-liquid system the other three liquids can be saturated 
ammonia in water, a saturated aqueous solution of sodium oleate and aniline, 
hexane, nitrobenzene, neutral peanut (or olive) oil or castor oil. An example 
of a five-liquid equilibrium system is saturated caesium carbonate, a saturated 
aqueous solution of ammonia, concentrated sodium oleate solution, hexane 
and aniline. The volume of the sodium oleate phase decreases with in- 
creasing temperature and disappears altogether at 26°C. 

Diogenov’ has devised a classification system in order to study the trends 
of the thermal effects Q(kg.-cal./mole) of reciprocal systems formed by a pair 
of alkali metal ions and pairs of anions. In this he grouped together lithium— 
sodium, lithium-potassium, lithium-rubidium, lithiumscaesium and called it 
Group.I, then for Group II sodium=potassium ....etc. making four Groups in all. 
Taking each Group separately, and independently of the nature of the anion 
pair, the systems are invariably irreversibly reciprocal, and for any given pair 
of cations and one fixed anion the shift of equilibrium is always the greater 
the smaller is the radius of the other anion of the pair. Taking one fixed cat- 
ion (caesium) for the systems containing hydroxyl and carbonate anions, then 
Q will increase with increasing atomic weight of the other cation (Table 


I.). 


TABLE I.- THERMAL EFFECTS OF ALKALI METAL PAIRS WITH 
OH™~ AND CO,~~ ANIONS 


Alkali metal] Q kg.-cal./ 
pairs mole 


The equilibrium phase diagram for the binary mixtures of caesium Carf- 
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ponate and caesium fluoride, given by Schmitz-Dumont and Heckman* is a 
simple eutectic system (Fig. 1.).. The eutectic contains 43mole % of cae- 
sium carbonate and melts at 530°C, 


800 
700 
oC Eutectic = 57 % CsF 
600 
100 F 100 
Cs5CO5 Mol.~ 7 CsF 


FIG. 1. EQUILIBRIUM DIAGRAM OF CAESIUM CARBONATE AND 
CAESIUM FLUORIDE 


Formation and chemical properties 


Caesium carbonate*® can be prepared by the action of carbon monoxide on 
caesium hydroxide at temperatures above 300°C. At this temperature caesium 
oxalate and formate will be formed to the extent of 91°5% of the latter.. How- 
ever, caesium formate’ behaves in the same manner as do potassium and 
sodium formates from the point of view of thermal and catalytic decomposition; 
caesium carbonate is the principal product. In the presence of metallic 
sodium a yield of 84°9% of caesium oxalate can be obtained at 300°C. 

In his study of the hydrolysis of the alkali metal carbonates Guiter’ has 


arrived at the following figures, taking the hydrolysis reaction in four stages: 
(I) At about 1N., ApH = 0°05 


(CO, ~), + 3H,0 = 3HCO,” + 30H 


No hydrolysis constant is given for caesium but the percentage hydrolysis 
varies from 0°5 to 500%, 

(Ia) At about O°l N. there is a different reaction to the same point on the 
hydrolysis curve and ApH = 023. 


CO,” +M* +H,O = CO,HM + OH 


The hydrolysis constant here is 1°58 x 10° and equilibrium is reached at 
about 5%. 
(II) At about 0°01 N., ApH = 0¢2; the reaction becomes: 


2CO, 7 +-2H,0. = (CO,H>y+ 20H 


The hydrolysis constant is now 3°5 x 10° and the hydrolysis increases 
from 5% to 15%. 
(III) At about 0°001 N., ApH = 0°75; the hydrolysis equation is as follows: 


CO, + 4M++H,O = (CO,M,H)**+ + OH™ 


The hydrolysis constant is now 4°0 x 10° and the hydrolysis decreases from 
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15% to 0°2%. 
(IV) At about 0°0001 N., ApH = 0°15; 


CO, +H,O0 = CO,H"+ OH™ 


The hydrolysis constant is now 5:0 x 107° and the hydrolysis increases 
again from 0°2% to 0e5%. The hydrolysis reactions are identical for sodium, 
potassium and lithium as well as for caesium and rubidium when the metals 
_ do not enter into the reaction. In a 0°001 N. solution cation complexes ap- 
pear, the structures of which point to the existence of steric hindrance. 

When anhydrous neutral caesium carbonate® is added to an aqueous solu- 
tion of ammonia of any concentration and the temperature of the mixture is 
kept below 20°C., two layers will form when the saturation point is reached. 
The upper layer will contain 99% of the ammonia and the lower layer 99% of 
the carbonate. These layers are stable in the presence of potassium hydr- 
oxide and orthophosphoric acid, but they become completely miscible upon 
dilution or when heated above 60°C. Copper acetate added to this system 
will dissolve and become concentrated in the lower layer, and only traces of 
the copper will be found in the upper layer. If the carbonate layer is not 
saturated the addition of the copper salt will cause the layers to coalesce. 
But on adding more carbonate to the point of saturation, the two components 
will again separate and the copper will be found in the lower layer of the 
system. 

The reactivity’ of titanium oxide with the alkali carbonates decreases in 
the order: caesium (decomp. 610°C.), lithium (m.p. 732°C.), rubidium (m.p. 
837°C.), sodium (m.p. 852°C.), and potassium (m.p. 891°C.), which is the 
same order as that of their melting points. 

While studying the thermodynamic properties of carbonates in order to 
elucidate their behaviour in metallurgical processes, Kelley and Anderson’® 
have assembled what data exist on caesium carbonate. Lebeau’s™ re- 
sults refer to the liquid state (883°-1453°K.) and the following dissociation 
pressure equation represents his results: 


GaGo eee O11Ge 
logy? (atm.) = 6080 + 3-532 
T 


P co,” latm. at 1720°C. 


De Forcrand® has given 97,530¢.-cal. as the heat of dissociation of caesium 
carbonate at room temperature and Rengade™ reported —82,700g.-cal. for the 
heat of formation of the oxide. From these figures and from the heat of 
formation of carbon dioxide the heat of formation of the carbonate may be 
computed: , 


2Cs + C(B-graphite) + %40, = Cs,CO, 
AH,o, = —274,470 g.-cal. 


Applications 


Caesium carbonate, when used as a condensing agent’* in the trans- 
formation of o-aroyloxyacetarones into o-hydroxydiaroylmethanes, gives a 
yield of 75%. 

In studying the upward movement of water and salt solutions in the black 
cotton soils of India, Ramdas and Mallik** found that a 2% solution of the 
alkali metal carbonates caused rapid swelling of the soil particles, but the 
swelling was in inverse proportion to the weight of the metallic radical of 
the salt. No swelling occurred if the soil was first subjected to prolonged 
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heating, which indicated that this effect was due to the colloidal coating 
of the particles. 
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SECTION XCIIT 
CAESIUM NITRATE 
By N.M. HOPKIN 


The solubility of caesium nitratein water, heavy water andin light andheav 
water mixtures at5°C.is shown inTable I according to the findings of Noonan. 
This difference in solubility is of the same order as for silver chlorate, thallous 
perchlorate, potassium permanganate, thallous nitrate, potassium perchlorate, 
silver cyanide, sodium oxalate and potassium silver cyanide at the same temp- 
erature. These differences of solubility in light and heavy water have been 
attributed’ to the persistence of the molecular association of deuterium oxide 
at high temperature, which would lower the solubility of the salts in it. 


TABLE I.- SOLUBILITY OF CAESIUM NITRATE IN LIGHT 
AND KEAVY WATER MIXTURES 


Solubility in Moles of Salt per Moles of Solvent 


Observed | Extrapolated® | Difference 
difference | diff. = see 


The difference figure in column 4 of Table I was found by linear extrapolation 
from the solubility figures for pure water and for 91°43% deuterium oxide. This 
was assumedtobe justified because Lange and Martin® foundthat the difference 
in the integral heat of solution of sodium chloride in water and water-deuterium 
oxide mixtures was a linear function of the deuterium content of the water when 
the concentration was expressed in moles of salt per 100 moles of water. 

The solubility of lead nitrate is increased* in aqueous solution by the pre- 
sence of caesium nitrate. Fig. 1 shows this influence and that of other alkali 
metal nitrates. Their influence on the solubility of lead nitrate increases in 
the order Li<Na<K<Cs, which is the same as that of their ionic radii, which 
are 0°60, 0°95, 1:33 and 1° 69A. respectively. Hydration of the alkali metal ions 
varies inversely with the ionic radii, so that the more waterheld by each:ion the 
smaller is the solubility of the lead nitrate, as shown in Fig. 1. The formation 
of complexes opposes the influence of hydration and this tendency increases 
from lithium to caesium, which fact also confirms these observed solubilities. 
The influence of cation radius and salt concentration upon the salting out of 
ethyl ether from aqueous nitrate solutions has been studied by Heal.* The sol- 
ubility of ethyl ether in aqueous caesium nitrate solutions is Suomi in Table II, 
where the probable error for low values of m is +0°03%. 

The best equation to describe the effect of salt concentration is log S,/S = 
km, where S, and S are the molal solubilities of ethyl ether in pure water Hee 
the solution of the salt of molality m respectively. At high concentration the 
salting-out is less than that predicted by the equation. The solubility (S,) of 
ethyl ether in water was found to be 0°8599 molal. The effect of cation radii 
was again in the same direction as found for lead nitrate at low dilutions. 
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CsNO3 
= — — — —— KNO; 


30 


N 
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Solubility % of lead nitrate 


° 
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FIG. 1.- SOLUBILITY CURVES OF LEAD NITRATE IN SOLUTIONS OF 
ALKALI METAL NITRATES OF VARIOUS STRENGTHS 


TABLE II.- MOLAL SOLUBILITIES OF ETHYL ETHER IN 
AQUEOUS CAESIUM NITRATE AT 25°C. 


Solubility of | Concentrate of 
Et,0 CsNO, 
molality molality 


The low melting points of the Group Initrates as compared with the corres- 
ponding halides |cf. caesium nitrate, m.p. 414°C., caesium chloride, m.p. 646°C.] 
are attributed® to the formation of associated compiexes. This process could 
contribute aterm to the over-all entropy of fusion (S f) Without greatly increasing 
the heat of fusion (Hf). As the temperature of fusion 


if anual cas 
this would explain the unusually low melting-points. | The small change in the 
volume on fusion of the nitrates and the abnormal activation energies for the 
viscosities of the molten nitrates support this suggested explanation. 

The crystal lattice of caesium nitrate between 161°C. and its melting point 
at 313°C. is cubic’ with a lattice constant of 4°-49A. In this Finbak confirms 
the results of Gossner, Wallerant and Pauling and Sherman.’ At lower temp- 
eratures the form is pseudocubic with the lattice constant ~4°45 A. Single cry- 


stals are not destroyed when heated from 15°C. to 200°C.;, therefore the caes- 
ium ions are very: little altered in position during the transition at 161°C. It 
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is difficult to determine the true symmetry of the crystals at low temperatures, 
but they closely resemble rubidium nitrate crystals which are orthorhombic. 
This makes an assumed hexagonal form probable with the likely space grou 
of C3,. This is contrary to the results reported by Waldbauer and McCann 
who give the lattice constants of 10°74 and 7°68A. for the axes a and c res- 
pectively and could find no evidence for the transition at 161°C. However 
Korhonen*® established the cubic structure of caesium nitrate above 161°C. 
His samples were in the form of pressed briquettes in a glass mould and were 
held at 166—9°C. for 24 to 72hr. prior to grinding with benzene. The Wasast- 
jerna photographic procedure was used to measure the X-ray intensities. NO, 
was assumed to be spherosymmetrical with N-O = 1-22A. The O and N atom 
parameters were found to be x = 0*219 + 0-008, y = 0-219 + 0-008, z = 0°386 + 
0-002 for O, and u = 0+275 + 0-002 for N. The temperature factor for caesium 
at 167°C. corresponds to a r.m.s. displacement of 0°-407A. These results 
disprove the hypothesis of a symmetrical rotation of the NO, group, although 
evidence’ deduced from the variation of the mol. heat with temperature shows 
the possibility of free rotation taking place between 145°C. and 161°C. The 
mol, heats for caesium nitrate can be expressed by the equation: 


Cp = 9°84 + 4°64 x 10°T 


(between 273°K. and 373°K.). These temperatures are below the lowest hexa- 
gonal-to-cubic form transition points that accompany the onset of free rotation 
of the NO,~ ion. The mol. heats between 0°—200°C. as determined by means 
of an ice-calorimeter are given in Table III.** 


TABLE III.- MOLECULAR HEATS OF CAESIUM NITRATE 


Investigation’? of the system silver nitrate~caesium nitrate from the evi- 
dence of heating and cooling curves has established the existence of two 
eutectic points at 168°5°C. and 163°C. where the silver nitrate content is 
82-5% and 67°5% respectively. The liquidus curve exhibits a maximum at 
171-5°C. (25% caesium nitrate); and at 173°C. (47°5% caesium nitrate) there is 
a break beyond which the curve rises smoothly to the m.p. of caesium nitrate. 
This is evidence for the existence of the compounds AgNO,,CsNO, which is a 
vitreous mass, and the elongated prisms of 3AgNO,,CsNO,. The latter ex- 
hibits a eutectic mixture with silver nitrate at 168°5°C. No solid solutions 
exist. The system 3AgNO,,CsNO,-CsNO, contains the compound AgNO,,Cs- 
NO, which decomposes above 173°C. Again solid solutions are absent. Pal- 
kin’? has suggested the formula Ag[Cs(NO,)] for the double sale. 

The equilibrium diagrams for the binary mixtures casium nitrate—lead ni- 
trate and caesium nitrate~lithium nitrate are both shown in Fig. 2. The former 
exhibits a eutectic at 176°C. with 32 mol.-% of lead nitrate. Pushin**® did not 
carry this investigation beyond 50mol.-% of lead nitrate. The eutectic mix- 
ture of the caesium nitrate-lithium nitrate system occurs at 174°C. with 57 
mol.-% of lithium nitrate. No solid solutions were found. In aqueous solu- 
tion two compounds of caesium nitrate and thorium nitrate have been estab- 
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100 ° 
CsNO; Mol. % 


100 
Pb(NO3), 
LiINO3 


FIG. 2.- EQUILIBRIUM DIAGRAMS FOR THE CAESIUM NITRATE-LEAD NITRATE 
SYSTEM (A) AND THE CAESIUM NITRATE-LITHIUM NITRATE SYSTEM (B) 


lished’* by measurements of their heats of mixing. They are 9Th(NO,),,7- 
CsNO, and 7Th(NO,),,9CsNO,. The solid compound Th(NO,),,2CsNO, could 
be isolated. The magnetic susceptibility [vy] for this compound has been 
determined [Xy = -125+3 x 10°], but this differs from the calculated value of 
-236 x 10°, which indicates that there is some modification in the molecular 
structure. The thorium nitrate molecule is strongly attached to the caesium 
nitrate and the diamagnetism of the two constituents falls. 

Hydrazine nitrate’® forms a eutectic mixture at 43°C. with 36mol.-% of 
caesium nitrate, but there is no evidence of any double salts. Reciprocal 
systems with a pair of alkali-metal cations and the anion pair of hydroxide. 
and nitrate have been classified*® into four groups with respect to the alkali 
metals. Thus Group 1 comprises metals adjacent in the periodic system, 
Group 2 comprises pairs of alternate alkali metals, Group 3 comprises the 
pairs Li-Rb and Na-Cs, whilst the fourth Group consists of the lithium—cae- 
sium pair. The thermal effects, Q (kg.-cal./mole), of the exchange reactions 
of some of these systems is shown in Table IV. 


TABLE IV.- THERMAL EFFECTS OF ALKALI METALS PAIRS 
WITH OH~ AND NO,~ ANIONS 


Alkali Q 
iMetals Pairs | kg.-cal./mole 


The thermal effect increases on descending Group 1 of the Periodic Table. 
The stable pairs of salts are always the hydroxides of the light metal with 
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the nitrate of the heavier, e.g., caesium nitrate with the hydroxides of the 
other alkali metals. Layering is absent with the cation pairs of caesium and 
rubidium, but is present in the case of the caesium cation and the rest of the 
alkali metals. In these hydroxide-nitrate systems there is a tendency for 
compounds of the type MOH,MNO, to occur where M is the same alkali metal. 
These can be considered as acid salts of orthonitric acid (H,NO,). 

The caesium nitrate-caesium chloride equilibrium system’’ has a eutectic 
mixture, containing 69-6mol.-% of the nitrate, which melts at 362°C. Mixtures 
of caesium nitrate and rubidium nitrate form a continuous series of solid solu- 
tions showing a shallow minimum on the melting curve at 290°C. _—Protsenko*® 
has investigated the ternary system of the nitrates of caesium, thallium and 
cadmium by determining melting points of two- and three- component mixtures. 
Caesium and cadmium nitrates react in the liquid state to form the compound 
Cd(NO,),,2CsNO,, m.p. 178°C., and caesium and thallium nitrates give a con- 
tinuous series of solid solutions. The ternary system has a nonvariant point 
of composition 31 mol.-% of thallium nitrate, 17¢2 mol.-% of caesium nitrate 
and 51°8mol.-% of cadmium nitrate, m.p. 108°C.; and it has another with the 
composition of thallium nitrate 35*S5mol.-%, caesium nitrate 16:1 mol.-% and 
cadmium nitrate 48°-4mol.-%, m.p. 84°C. The ternary system has four phases 
of crystallisation of which Cd(NO,), occupies 22+32%; an isomorphic mixture 
of caesium and thallium nitrates covers 66°68%, the compound Cd(NO,),,2Cs- 
NO, 7°35% and Cd(NO,),,2TINO, 1°65% of the area of the ternary diagram of 
crystallisation. The mixtures show vitreous and supercooling properties. In 
the ternary mixtures of the nitrates of caesium, rubidium and calcium the exi- 
stence of the compound Ca(NO,),,CsNO, has been confirmed.*?® 

An interesting method at differential thermal analysis has been used by 
Gordon et al. to determine the melting points and temperatures of crystalline 
transitions. This method measures the temperature difference between an in- 
ert reference compound, such as ignited alumina, and the sample to be invest- 
igated, when they are heated together at a constant rate inthe same furnace. 
The reference material chosen is one which will not undergo any thermal reac- 
tions over the temperature range to be used. Therefore any exo- or endo-ther- 
mic changes in the sample will cause its temperature to be higher or lower, 
respectively, than that of the reference material. These exo- or endo-thermic 
differentials can be recorded as a function of the temperature of the sample or 
ofthe furnace. This method has given the melting point of caesium nitrate as 
404°C. The compound bubbles slightly at 531°C., bubbles rapidly at B55.C. 
and vigorously at 850°C. Tzentnershver” gives 584°C. as its temperature of 
dissociation. 

The heat of hydration H+ (kg.-cal./mole), based on measurements of the 
heats of solution (L)at infinite or very high dilution and the value of lattice en- 
ergy(U)has been given”*as 136 for caesium nitrate. The lattice energy values 
can be uncertain up to +2% and this, on the average, will apply to the heats of 
hydration. Mishchenko’s figures are more comprehensive than those of Bernal 
and Fowler and sometimes differ from them. 

The practical osmotic andactivity coefficients of caesium nitrate overa wide 
range of concentrations have been determined by an isopiestic method.” This 
depends upon the difference in vapour pressure of two salt solutions. A small 
volume (2ml.) of potassium chloride and the same volume of a solution of the 
salt to be studied are placed in two separate gold-plated platinum dishes in a 
desiccator which is evacuated, maintained at 25°C. and rocked gently. Distil- 
lation occurs until both solutionshave attainedthe same vapour pressure. Equ- 
ilibrium is reached in 24hr.if the concentration of the solutions is at least 0°5 
M. Changes in weight of the two solutions will give the isopiestic concentra- 
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tion. The errors in calculating osmotic pressure and activity coefficients are 
not greater than 0°3% at 0°005mm. pressure of mercury for a 0°2M. solution. 
Table V shows the activity coefficients for caesium nitrate as calculated from 
freezing point data™ for dilute aqueous solutions from concentrations of 0-001 
M. to 0:01M., and activity coefficients and osmotic pressures calculated from 
isopiestic** measurements for concentrations from 01M. to 1°5M. 


TABLE V.- OSMOTIC AND ACTIVITY COEFFICIENTS OF AQUEOUS 
SOLUTIONS OF CAESIUM NITRATE 


Solution | Osmotic Activity 
Strength | Coefficient] Coefficient 


The degree of dissociation (a) of caesium nitrate calculated from conducti- 
vity data*® in aqueous solutions of 0°05M. and 0-1M. has been given as 0°966 
and 0°947 respectively. The corresponding dissociation constants (K) are 0-95 
and 0-99, assuming that the activity of the undissociated portion of the salt is 
equal to its concentration, and that the mean activity coefficient of the ions is 
the same as in a potassium nitrate solution of the same strength. The ioniza- 
tion equilibrium constants’ (K,)of caesium, rubidium and potassium nitrates are 
all 1°47. Caesium nitrate has the strongest association capacity of the three; 
the other two salts have equal capacities. There is no hydration of caesium, 
rubidium, potassium and the nitrate ions at 100°C. 

The thermal coefficient of expansion for molten caesium nitrate is K = 
0°0004073 (445°—575°C.). Herz’s* figures for several compounds show that 
Mendelyeev’s equations for the thermal expansion of liquidshold good for mol- 
ten salts also. 

The surface tensions of dilute aqueous solution of caesium nitrate have 
been determined by a modified capillary-rise method,” the results being given 
in Table VI. At concentrations less than 0°01M. the surface tension is less 
than that of pure water. 


TABLE VI.- SURFACE TENSION OF AQUEOUS SOLUTIONS OF CAESIUM NITRATE 


Solution | Relative 
Strength | Surface 
Tension 


0°99992 
-0°99983 
1°00013 
1°00217 


The diffusion coefficients (D)at 20°C. for caesium nitrate*® in aqueous sol- 
utions of normalities 0°1, 0°25 and 0*5 are1+*380, 1°354 and 1°322 respectively. 
The viscosity of aqueous solutions of caesium nitrate has been determined ac- 
curately by Jones and Talley** using an Ostwald type viscometer and timing the 
rate of flow automatically by means ofa photoelectric cell. The results shown 
in Table VII and Fig. 3 confirm the prediction of Jones and Dole,*? based on 
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Debye’s theory of interionic attraction, that all salts will be found to increase 
the viscosity of water if measured at sufficiently low concentration, including 
those salts which give a lower viscosity at moderate concentrations. 


10000 F 


0:9988 


0:02 0:04 0:06 0-08 0'1 
Solution strength, M 


FIG. 3.- VISCOSITY OF AQUEOUS SOLUTIONS OF CAESIUM NITRATE, 
POTASSIUM NITRATE AND POTASSIUM CHLORATE 


TABLE VII.- OBSERVED VISCOSITY OF AQUEOUS CAKESIUM NITRATE 
SOLUTIONS 


Solution Observed 


Strength | Viscosity 
centipoise 


7 


100003 
1°00003 
1-00000 
0-99986 
0°99876 


The specific heat** of 210°01 g. of pure caesium nitrate dissolved in 1375-2 
g. of water is given as 08395 by Richards and Rowe. Table VIII shows the 
specific heat and heats of dilution of the nitrate. 


TABLE VIII.- HEAT OF DILUTION AND SPECIFIC HEAT 
OF AQUEOUS CAESIUM NITRATE 


Caesium Nitrate/Water Heats of | Specific Heat 
Mixture Dilution 
g.-cal. 


CsNO,,G0H,O + 40H,O 0-8395 
CSNO,,100H,O + 100H,O 0°8945 
CsNO,,200H,O + 200H,O | 0-9427 
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The molar energy of interaction® of ions of the nitrate in concentrated 
aqueous solutions is related to \/C, where C = volume concentration of the 
solution of the electrolyte in g.-mol./l. of solution. The deviation of most 
strong electrolytes from this relation can be caused by the formation of liquid 
hydrates of ions of various stoicheiometric compounds that are able to dissoc- 
iate in the solution. For aqueous solutions of ca#sium nitrate at 25°C. the 
constants a and 6 are 0*122 and 1-078 respectively in the expression: 


w=at+b/C 


where w is the molar energy of interaction of the ions. 

The electrical conductivity of molten caesium nitrate has been accurately 
measured** over the temperature range 446°6°C. to 55693 °C. and the molecular 
conductivities calculated from the expression: 


My, = 42°13 + 0°120(¢ — 450) 
show very good agreement with the observed values. 

The electrical conductivity*® of aqueous solutions of caesium nitrate at 
various concentrations is given in Table IX for the temperatures 0°, 18° and 
100°C. 

TABLE IX.- CONDUCTIVITIES OF CAESIUM NITRATE AT 
VARIOUS CONCENTRATIONS AT 0°C., 18°C. AND 100°C. 


Solution Conductivities 


84°4 + 0°2 | 130°8 + 0°3 | 389°5 + 005 


83:1 128°6 383-0 
82°5 127°6 379°5 
80°3 123°8 367°5 
18°6 121°3 359:0 


76°5 118°1 347°5 


Solid nitrates tend to decompose under the action of light. Doigan*® has 
measured the rate of nitrite formation when crystalline caesium nitrate is irrad- 
iated with light of wave-length 2000—3500A. 

The approximate quantum yield is 0°19, in comparison with a quantum yield 
of 0*2 for formation of nitrite from nitrate solutions. 


Applications — Biology 


There is no appreciable chemotherapeutic activity of caesium nitrate ag- 
ainst typhus’ in the guinea pig or the rat. 
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SECTION XCIV 
CAESIUM PHOSPHATE 
By N.M. HOPKIN 


Physical Properties 


No order-disorder type of transition has been observed with casium dihyd- 
rogen phosphate.’ This may be due to the formation of a lattice like that of 
the metastable rubidium dihydrogen phosphate. The complex dielectric con- 
stant of the acid phosphate? changes rapidly at 165°K. and 9500Mc. which 
indicates a transformation of the second order, and this may also be ferroelec- 
tric. 

Mixed crystals of potassium hydrogen phosphate with caesium* ions show 
a lowering of the Curie point and of the maximum resonance temperature. The 
tetragonal crystals of caesium dihydrogen phosphate*® have been grown from a 
saturated solution and possess seignettoelectric properties in the direction of 
the c axis with a Curie point at about 159K. Mixed crystals of caesium and 
ammonium dihydrogen phosphates may be crystallised from aqueous phosphate 
solutions. These have piezoelectric properties* if the casium/ammonium 
ratio is not greater than 1-5. At higher ratios non-piezoelectric monoclinic 
crystals are precipitated. The presence of traces of barium and sulphate ions 
in caesium dihydrogen phosphate’ can change its electrical resistivity as their 
ionic radii are similar to that of the phosphate ion. Addition of 0°055% of silica 
as sodium silicate improved the resistivity. This is true for P-type crystals 
generally. 

The following crystallographic data have been established by Corbridge 
for the Kurrol salt of caesium, (CsPO,)n: a@:b:c = 12°71:4°32:6°83A.; B= 
83°C.; mols/unit = 4; dealc, = 3°78 g-/c.c.; space group = P2,/n. 


Chemical Properties 


The decomposition of acid caesium phosphate’ has been studied by means 
of temperature-time curves which are obtained when heat is applied at a con- 
stant rate. Breaks in such curves show when endothermic reactions, such as 
the evolution of water or oxygen, occur. The temperature of decomposition 
was found to vary with the external pressure, and at a pressure of 710mm. of 
mercury the acid caesium phosphate decomposes at 360°C. 

When precipitated phosphates of iron and aluminium are digested in solu- 
tions of potassium or ammonium phosphate, potassium or ammonium ions are 
absorbed to form complex phosphates of the respective uni- and tri-valent cat- 
ions; similar complexes® are formed when they are digested in caesium phos- 
phate solutions. 
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SECTION XCV 
THE SPECTROSCOPY OF CAESIUM AND CERTAIN OF ITS COMPOUNDS 
By R. F. BARROW and LADY ANNE THORNE 
TRE SPECTRUM OF ATOMIC CAESIUM 
By ANNE THORNE 


General Discussion and Excitation of the Spectrum 


Introduction. 

The spectrum of atomic caesium has been studied since the early days of 
spectroscopy and correlated with the spectra of the lighter alkali metals, which 
have played an important part in the development of modern spectroscopic 
theory. Brief historical accounts with references are given in many of the 
standard text-books on spectroscopy and in certain review articles.*%?? 

A description of the caesium spectrum and its explanation in terms of 

modern theory is also to be found in standard text-books.** The neutral ca- 
sium atom has the ground state electron configuration 1s? 2s? 2p® 3s? 3p° 3d*° 
4s? 4p® 4d*° 5s? 5p® 6s 7Sy, with the 6s electron outside a xenon-like core of 
closed shells, giving rise to a doublet spectrum. The first doublet of the 
principal series lies in the infra-red at 8521 A. and 8943 A. and the second and 
third in the violet and nearultra-violet at 4555 A., 4593 A. and 3876 A., 3888 
A., respectively; the rest of the principal series is in the ultra-violet. The 
sharp, diffuse and fundamental series all have their first two or three terms in 
the infra-red and the remainder in the visible region. The most important 
energy levels and transitions of Cs I are shown diagrammatically by Grotrian.’ 
Numerical values of experimentally determined energy levels of Cs I and II 
were tabulated in 1932 by Bacher and Goudsmit,® and brought up to date in 
1958 by Moore.** 
_ The first tabulations of line series for Cs I were given by Fowler’ and 
Paschen-Gétze”° in 1922. The M.I.T. wave-length tables,’ which list the arc 
and spark lines of all elements between 10,000 A. and 2000 A. in order of 
wave-length, include a list of the ‘raies ultimes’; these are also given in the 
Vatican Observatory ‘Atlas of Persistent Spectra’.*” 

In 1938 Shenstone’* published a summary of spectroscopic work on the arc 
and spark spectra of all elements, incorporating tables showing how thoroughly 
each spectrum had been investigated. Meggers** brought the information up to 
date in 1946, and at the same time Hartree*® presented in a similar way a sum- 
mary of the calculations of wave functions and energy levels. 


Excitation of the Spectrum. 

The spectrum of atomic caesium has been excited in flames, arcs, sparks 
and various forms of discharge. Reference is here made only to those papers 
in which the conditions or mechanism of excitation have been the main consi- 
deration. Accounts of wave-length and intensity measurements and of special- 
ized light sources for particular investigations are given later; in particular, 
references to spark sources are given in the sub-section on the spectrum of 
ionized caesium (see page 2421), 
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In flames several investigations have been made of the relation between 
the intensity of the spectral lines and the concentration of the caesium salts. 
This relation has generally been found to follow a linear law at low concen- 
trations and a square-root law at higher concentrations.*****! The process of 
excitation appears. to be thermal.**** Different methods of introducing the 
salt into the flame have been described,*»”° and the effect on the intensity of 
the caesium lines of adding other alkalis has been studied.*” 

In the electric furnace lines have been observed in emission as well as 
absorption.** Excitation by collisions with atoms of helium?* and hydrogen?”*® 
has been investigated. 

In the caesium arc, studies have been made of the temperature distribution 
and electron density*”* and of the variation of intensity with concentration of 
the caesium salt solution.** Spark lines have been found in an interrupted 
arc.*” A convenient lamp for excitation of the Cs I spectrum has been deve- 
loped.** 

In glow discharges passed through mercury vapour mixed with the vapour of 
caesium or of the other alkali metals, relative intensities have been mea- 
sured.*?” The spectra of the cathode glow*® and of the positive column* of 
glow discharges run in caesium vapour have been investigated, and experi- 
ments carried out on the electron voltage necessary for excitation,’** and the 
electron density and distribution in a magnetic field.*%** The population of 
excited levels in the positive column has been measured by the line reversal 
method.***° In electrodeless discharges in caesium vapour both the arc and 


the spark spectra are excited.*”*° 
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The Spectrum of Neutral Caesium 


The ground state of the neutral caesium atom is 6s *Sy, with a xenon-like 
core of closed shells. The ionization potential of 3+8926 V. corresponds to a 
term value for the ground state of 31,406-54 + 0-03 cm.~.?° 

Term values of Cs I were tabulated in 1932 by Bacher and Goudsmit* from 
the tables of Fowler? and Paschen-Gétze* with a few later additions.*»5 Work 
done since 1932 covers some of the infra-red doublets,®° and accurate inter- 
ferometric measurements have been made onthe second member of the principal 
series’ and the fitst members of the fundamental.® In 1949, McNally etal.’ and 
Kratz’® both studied the principal series in absorption and measured respect- 
ively up to 62p (doublets resolved up to 14p)’ and up to 73p (resolved up to 
21p).*° In Kratz’s work the hyperfine structure of the ground state was re- 
solved throughout. The series limit found by Kratz is: 31,406-54 + 0-03 cm.” 
from the centroid of the ground state hyperfine structure (or 31,406-71cm.~™* 
from the lower of the two levels). Kratz ascribes the discrepancy of 0-22cm.~* 
between his value for the series limit and that of McNally et al. (31,406-32 
cm.) to a pressure shift in the latter work. The Cs I term values derived 
from these sources, together with some unpublished material, are incorporated 
in Vol. III of the National Bureau of Standards 'Atomic Energy Levels’, pub- 
lished in 1958.°° Term values cover excited states of the 6s electron from 
7s to 12s, 6p to 73p, 5d to 21d, 4f to 12f, 5g to 6g, and 64h. 

Table I gives the doublet intervals of the first few doublets of each series 
with references to the sources from which they are obtained. The negative 
sign indicates that the *F doublets are inverted. This effect is also found in 
some *F and *D doublets of the other alkali metals and has been generally as- 
cribed to perturbations by excited states of the core electrons.’ The prin- 
cipal series doublets obey closely the law Av « 1/n**, where n* is the 
effective principal quantum number.”° 


TABLE I. - DOUBLET INTERVALS IN THE SPECTRUM OF Cs I] 


A(n?P)cm.7! 554. 11° 


A(n?D)em.™ 42.88° 
A(n?F)cm.* -0- 1028 
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Beutler has found in absorption 115 lines of the so-called Cs I> spectrum,” 
arising from excitation of an electron from an inner shell, in this case the 5p° 
shell. He classified 54 of these as transitions belonging to the 5p° 6s - 5Sp° 
6s ns and 5p* 6s - 5p*® 6s nd series, having as limits the excited 5p* 6s *P and 
P terms of Cs II. Beutler’s terms are included in ' Atomic Energy Levels.' *® 

Forbidden lines of the 6s - nd series have long been known in both emis- 
sion and abso rption.’****%??_ Measurements of their intensity are in agreement 
with the transition probabilities to be expected for quadrupole radiation.*** 
This series was recently extended by the absorption measurements of Kratz 
and Mack”® as far as 21d, the doublets being resolved up to 16d. The forbid- 
den p - p series has been found in emission.*” The appearance of both the s 
~ d and s - s series in absorption in external electric fields is referred to 
under the Stark effect. 

The continuous emission (recombination) spectrum of caesium has been in- 
vestigated in several different sources.*”**?"" A detailed study of the re- 
combination process in a discharge tube has been made by Mohler and others 
with reference to the intensity distribution, the probability of recombination 
into different states, and the effects of electron concentration and velocity??7*””? | 
The continuous absorption (photo-ionization) spectrum has also been closely 
investigated.**7%°*5 The variation of atomic absorption coefficient with fre- 
quency has been deduced from both space charge”*”** and direct absorption’”**** 
measurements. In the presence of a foreign gas the absorption is found to 
fall as the gas pressure is increased.**** Ditchburn et al. have compared the 
variation of atomic absorption coefficient with frequency in all the alkali-metal 
vapours:** in caesium the characteristic minimum of the curve lies from 0°56 
to 0°8 e.V. below the series limit. Quantum-mechanical calculations of con- 
tinuous absorption coefficients as a function of frequency have been compared 
with the experimental results.*%*°°#*> 

The measurement of transition probabilities in atomic lines has been dis- 
cussed fully by Mitchell and Zemansky,** and more recent work is referred to 
by Unsdld.°* In the case of caesium, the transition probabilities of some 
members of the principal®® series and of the sharp and diffuse series*”** have 
been found from their absolute intensities in emission. Total absorption mea- 
surements**° and the methods of magneto-rotation**** and anomalous disper- 
sion** have also been used to calculate transition probabilities for the first 
few members of the principal series. Measured intensities have been dis- 
cussed with reference to thermodynamical equilibrium in the sharp and diffuse 
series.*° 

Considerable attention has been devoted to the doublet intensity ratio in 
the principal series. Early experiments gave conflicting results, with an in- 
dication that the ratio is near its theoretical value of 2:1 for the first two 
doublets, but rather greater for higher members.*°°#%**#°°° Further experiments 
on the second doublet have given values mostly ranging between 3:1 and 
4;1;5*53555* but the ratio appears to vary widely with experimental conditions 
and to depend, in particular, on whether the measurement be made in absorp- 
tion or in emission.°'*7%°°* Values between 46:1 and 10:1 have been found 
for the third member of the principal series**°**® and yet higher values for 
higher members.” Fermi has suggested a theoretical explanation of the de- 
parture from the 2:1 rule.°”** 

Little theoretical work has been done on the spectrum of caesium. Al- 
though, as stated earlier (see page 2416), the spectra of this and the other 
alkali metals were much studied in connection with the development of the 
theory of atomic spectra, calculations of energy levels for atoms as heavy as 
caesium have seldom been carried beyond the semi-empirical stage.””’ Be- 
fore the advent of modern quantum mechanics, energy levels in caesium were 
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calculated from modifications of the Bohr theory®®’ 


cal method.°® 


plied to doublet separations.’””* 


9522 


and by Fermi’s statisti- 
Various empirical and semi-empirical formulae have been ap- 


The application of quantum mechanics to the determination of atomic 
energy levels and eigenfunctions has been fully set out by Condon and Ahort- 


ley.° 


Hartree in 1946 summarized the calculations carried out up to that date 


on the spectra of all light and a few heavy atoms for states of ionization up to 
the fourth.””. For caesium, the only published values of wave functions appear 
to be self-consistent field functions without exchange for the ground state of 


Cs + 78 
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The Spectrum of Ionized Caesium 
Singly Ionized. 


Lines of the Cs II spectrum have been identified in several forms of light 
source besides the spark, for example in certain combustion and collision pro- 


cesses”® 


and in interrupted arcs,’ as well as in the types of source useful in 


systematic investigation of the spectrum such as ordinary glow discharges®””® 


and electrodeless®1!9!47151%18 and hollow-cathode!**? 


discharges. 
tions of excitation in sparks have been studied.*»® 


The condi- 


Cs II in the ground state has the xenon-like electron configuration ls? 2s? 


2p° 3s* 3p° 3d*° 4s? 4p® 4d*° 5s? S5p® *S,, with an ionization potential of about 
(25-1v.?° The wave-lengths of many lines were measured by early investiga- 
tors and some of the lines classified by comparison with the rare gas spec- 
tra.°°"** The results of these and subsequent measurements and classific- 
were incorporated in the 1932 tables of "Atomic Energy States" by 


ations*»*® 
Considerable extensions to the spectrum were made 


Bacher and Goudsmit. 
in the next few years,***® and in 1941—2 Wheatley and Sawyer’’»** measured 
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850 lines and classified many new transitions. Their table of energy levels 
and observed transitions incorporates the earlier results,’* and their term 
values are reproduced in the National Bureau of Standards "Atomic Energy 
Levels".*° Since terms for which the excited electron is in an nd state fall 
very close to those in which it is an (n+1)s state, it has not been possible 
to distinguish these two configurations for the higher n-values. The 79 term 
values listed arise from the 6p, 7p, 6s, 7s, 5d, Gd, and (8s +7d) configurations 
of the excited electron built on both the 5p*® *P%,/ ground term and the 5p* 
*Pl4 excited term of Cs III and in addition the (9s + 8d), 10s, nf configurations 
on the *P%, term only. 


Doubly Ionized. 

The only measurement made on the iodine-like spectrum of Cs III is of 
nine pairs of lines from unknown upper levels to the 5s* 5p* *P3, 4 ground 
term doublet, giving a doublet separation of 13,884cm7*"*?° By extrapolation 


the ionization potential is estimated to be about 34-6 volts.7°»”* 
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Zeeman, Stark and Pressure Effects 


Zeeman Effect. 

The Zeeman effect in the alkali-metal doublets is described in standard 
text-books on spectroscopy (see, e.g., page 2417), Rather fuller accounts have 
been given by Back and Landé.*? As the historical resumés in these books 
indicate, the ‘anomalous’ Zeeman pattern of the resonance lines of the alkali 
metals played an important part in the development of spectroscopic theory. 

The Landé g-factor for the 7S, ground state of caesium is 2, and for the 
*Py,, *P levels it is 2/3 and 4/3 respectively. Thus, in terms of the classi- 
cal Lorentz splitting Av,, the 7S1z-?Py, line has two o components at +%4Av 
and two 7 components at +%4Av_, while the *S:,-*Py line has four 0 components 
at +7%/Av,, +4Avy, and two 7 components at +’4Av;. The Paschen-Back ef- — 
fect sets in with magnetic fields strong enough to break down the spin-orbit 
coupling; as this condition is approached, the components of the two reso- 
nance lines merge to form a Lorentz triplet with unshifted 7 component and 0 
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components at +Av;. The Zeeman effect in the alkali metals has been 
treated theoretically on the basis of Dirac’s theory.* 

The Zeeman effect in the ground state of caesium has received much atten- 
tion in atomic-beam magnetic resonance experiments (see also page 2424), in 
the course of which extremely accurate measurements of the Zeeman splitting 
have been made.® The g(6°Sy,) value of caesium is found to differ from the 
g(?Sy) values of the ground states of the three lightest alkali metals by 13:10° 
and from that of rubidium by about 8:10°. Reasons for this discrepancy have 
been suggested.° 
The magnetic double refraction of caesium vapour has been measured and 

compared with the calculated effect.’ The appearance of ‘forbidden’ compo- 
nents in the Zeeman pattern of the resonance lines has been described®*"? and 
calculations made of their intensity.**** Pressure broadening of the Zeeman 
components has also been investigated.*? 

The simple Zeeman pattern in any field is symmetrical about the field-free 
line. However, at high fields and for the higher members of a series, the pat- 
tern as a whole may be asymmetrically shifted by the so-called quadratic Zee- 
man effect. Theoretically, the centre of gravity of the o components should 
be shifted twice as far as that of the 7 components, the shift being proportion- 
al to H* and to (n*)*, where n* is the effective quantum number.** Experiment- 
al results for the principal series of caesium are in reasonably good agreement 
with the theory.** The appearance of ‘forbidden’ components in the higher 
terms has been attributed to spin-orbit interaction.** 


Stark Effect. 

The Stark effect is rather briefly discussed in most text-books. A fuller 
account has been given by Minkowski.* The Stark pattern of a line is consi- 
derably more complicated than its Zeeman pattern. In the alkali metals the 
first-order effect is a quadratic one: an asymmetric splitting proportional to 
the square of the field strength, which, when unresolved, appears as a simul- 
taneous broadening and shift of the line. The theory of the effect in the 
alkali metals has been discussed in several] papers.*°"* 

Experimental investigations appear to have been confined to absorption 
measurements on the principal series.‘°?? These show the quadratic effect,*”™ 
but in higher members of the series the linear effect appears.*” The electric 
field also has the effect of bringing up lines of the forbidden s - s ands -d 
series, and its effect on the intensities and positions of these lines has been 
discussed.7” 


Pressure Effects. 

General accounts of the effects of pressure on spectral lines may be found 
in text-books”** and in the review articles written in 1936 by Margenau and 
Watson” and in 1957 by Ch’en and Takeo;”° both the latter contain references 
to experimental work on alkali spectra, on which some of the most extensive 
research has been done, and accounts of the theories of pressure effects, in- 
cluding the Stark effect due to inter-atomic electric fields. More detailed 
theoretical-papers have been published on both foreign gas broadening””®® and 
‘resonance’ (self-pressure) broadening.***? 

Several measurements have been made of the broadening and shifts of the 
first three doublets of the caesium principal series in absorption in the pre- 
sence of different foreign gases at pressures up to about 100 atm.*7°**” The 
direction of the shift depends on the line studied and the gas used;**** the 
broadening is different for the two members of a doublet.** A number of mea- 
surements has also been made on higher members of the principal series.*”*° 
The shift, which again depends in magnitude and direction on the foreign gas 
used, appears to increase steadily with the series number. The effect of the 
presence of a foreign gas upon the continuous absorption has been investi- 
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4442 at a few cm. pressure the 


gated and compared with the theoretical effect; 
continuous absorption is reduced to about half. 
The appearance of bands near the absorption lines of caesium has been at- 
tributed to the formation of loosely bound polarization molecules.**** 
The broadening of the resonance lines with increasing pressure of caesium 
vapour has been measured and compared with theoretical line contours.*%*’ 
The quenching of caesium fluorescence by helium has been investigated.” 
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Hyperfine Structure and Nuclear Moments 


Before the development of magnetic resonance techniques, nuclear moments 
were determined primarily by optical investigation of the hyperfine structure 
(hereafter referred to as hfs). Kopfermann’ has given a very full account of 
the theoretical background and of the methods of both optical and radiofre- 
quency spectroscopy, and Ramsey” has summarized the application of these 
methods to the determination of nuclear moments, giving tables of results up 
to 1952 and many references. Nuclear effects in atomic spectra*®® and the 
role of nuclear moments in the shell model of the nucleus*’ have recently been 
reviewed. 

The data for the caesium isotopes are summarized in Table II, in which 
references are given for the results published since 1952 and therefore not in- 
cluded by Ramsey.” 


‘TABLE II. - NUCLEAR MOMENTS OF THE CAESIUM ISOTOPES 


2 


Mc/s cm. 
/ 2 
7 


131 5 +3487? 
2__| +0-00003 | +0002 ; 
28 
aon 
1354. 7 + 2.72907 ea 9 7240 2378 
+2821978 10, 115-5278 
2 | +0-0010 


| 

/ 0-015 
In this Table, / is the nuclear spin, p the nuclear magnetic moment (in nuclear 
magnetons) and @ the nuclear electric quadrupole moment. The columns 
headed A1(67S1,) refer to the splitting between the two hyperfine levels of the 
6s *Sy ground state; this has been measured much more accurately by radio- 
frequency methods than is possible optically (as has the magnetic moment),*° 
but for convenience the first few figures of the value have here been converted 
to cm.~* : 

Hyperfine structure in the caesium spectrum was first examined in the 

second doublet of the principal series of the only naturally occurring isotope, 
433Cs5.*° The value for the spin of 7/2, obtained from intensity measure- 
ments,® was at first subject to considerable disagreement among different 
observers,?”° but was confirmed by the hfs of several terms in the Cs II spec- 
trum.*° The magnetic moment was calculated from the hyperfine splittings of 
the ground and higher states, in which there was fair agreement between the 
results of different experiments.” An average of the values found is given 
below. 
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State GSyu.- 6Py  GPY FPy <7 Py 8?Py 
Avicm.7*) 0-306 0-038. 0-018 0-012 0-007 0-007 


The hfs of the Zeeman pattern was subsequently resolved*"* ‘and the spin 
value confirmed from the number of components; their separation was in agree- 
ment with the theory. Work on the hfs of the alkali metals was reviewed in 
1939,** and since then further work on the hfs of. certain terms of Cs I has 
‘been used to find interval factors and establish J-values for these terms.“ 
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In the recent absorption measurements of Kratz on the principal series,** the 
hfs of the ground term was resolved throughout, the value ranging from 0: 29 to 
0:34 cm.™ 

The most accurate measurements of nuclear moments and of the hfs and 
Zeeman levels of the ground state have been made by radiofrequency methods, 
mainly in atomic and molecular beams.”*° The atomic beam method of zero 
moments was early applied’** to find the spin and hfs of ***Cs. Later, Rabi’s 
magnetic resonance technique was used in atomic beams to measure accurate- 
ly the ground state hfs and Zeeman effect’*’? and in molecular beams to mea- 
sure directly the nuclear magnetic moment.*%’ A microwave absorption 
method has also been used to measure the ground-state hfs;*” and with the 
nuclear magnetic resonance technique a very accurate value has been found 
for the ratio of the magnetic moment of ***Cs to that of the proton.” 

An interesting application of atomic beam magnetic resonance measure- 
ments is the projected use of the caesium ground-state hyperfine splitting, 
9192 Mc./sec., asa frequency standard. ‘Atomic clocks’ have been built in 
both England and the U.S.A. ,7°*°*? and that at the National Physical Labora- 
tory is now stated*? to be accurate to 2 parts in 10°° 

Magnetic resonance experiments on atomic beams of radioactive isotopes 
have given values for the spins of '*7Cs, *Cs, and *°Cs,™ and for the spins 
and ground-state hfs (and hence for the micleas moments) of #5Cs and *3’Cs eke i 
184C5;7737578 and ***Cs.77 The results are given in Table II. In experiments 
pittien Somer r 1emCg the values obtained were / = 8, Av = 3675 + 0°6 Mc./sec., 
po= +11 n.m.4** 

The variation of the ratio of hyperfine splitting to nuclear magnetic moment 
from one isotope to another, the so-called hfs anomaly, or Bohr-Weisskopf ef- 
fect, is of interest in problems of nuclear structure, since it arises from the 
distribution of the magnetic moment over a finite nuclear volume.2¥*° The ef- 
fect has been measured in caesium for the isotopes 133, 134, 135, 137.” 

Recently Rabi et al. have succeeded in performing atomic beam magnetic 
resonance experiments with alkali-metal atoms in excited 7P states, and from 
transitions between hyperfine levels of the 6*P% state of ***Cs they have 
found the magnetic hfs constant of this state and ‘the nuclear electric quadru- 
pole moment (-0-003 x 10* cm.”).** In addition, the hfs of the 7? Py state 
has been investigated by the very recent technique of magnetic doublé reso- 
nance, whereby radiofrequency transitions between hyperfine levels are de- 
tected optically. *#** The value of G@ found is in excellent agreement with the 
atomic beam value. Calculations of intensities in these experiments have 
been compared with experimental results.** 
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X-Ray Spectrum 


Early work on the X-ray spectrum of caesium was principally concerned 
with measurements of the wave-lengths and intensities of the K- and L-series 
lines and absorption edges.“* Work on N- and O-series lines has also been 
reported.*° A table of atomic energy levels has recently been compiled from 
X-ray frequencies for caesium and other light and medium elements.° 

Later work has included an examination of the structure of the K absorp- 
tion edge in crystals’ and of the X-rays emitted by ***Cs in the course of de- 
cave: | 

Some general accounts and reviews refer to the X-ray spectrum of caesium, 
with particular emphasis on the importance of X-ray spectroscopy in solid- 
state nhvsics.”” 
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THE MOLECULAR SPECTRA OF CAESIUM AND CERTAIN OF ITS COMPOUNDS 
By R. F. BARROW 
The Cs, Molecule 


A large number of bands have been observed in the spectrum of caesium 
vapour and attributed to the Cs, molecule. They appear readily in absorp- 
tion,” and have been observed in fluorescence”*s® and in excitation by active 
nitrogen.’ Although a number of attempts has been made, 5-7 the fact that the 
values of w are so small makes analysis difficult, and only that of the system 
B-X seems well established.® At least four other excited states of this mole- 
cule have been recognized**® (see Table III), but one system originally as- 
cribed to Cs, was later shown to arise from RbCs.*°>"* 


TABLE III. SPECTROSCOPIC CONSTANTS FOR Cs; 


~20500 a - 
(16175-80) | (27-34) (0-0733) 


(16066-03) | (29-38) (0.0796) 
13043-87 34-230(1) | 0.077986 6-7+1-0 
~10000 - - ~ ~ 
41-990(2) | 0-080051 10- 441-0 


Notes: (1) -1-64266 x 107 (V+ ¥%) 
(2) -1:88149 x 107 (Vv + %)° 


Diffuse bands arising from loosely-bound polarization molecules of Cs- 
Cs'*"5 and of Cs with various foreign gases’®°*® have also been observed. 
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Caesium Hydride 


The system A'S,* - X'S* has been observed in absorption in the region 
4550 to 6250A. Constants are as follows:- 


State i Oe X oOo Vo o Diwkpi-cal. 
ats * 18405-2 204-0 -5:70 -0: 350 = 
xs 0 890-7 12-6 = 44 

State B. a, pads 

A'>t 1-126 -0:0185 3.869 

or 2: 709 0-057 2.494 


The assignment of vibrational quantum numbers in state A may need re- 
vision. A comparative account of the spectra of the alkali metal hydrides 
has been given’ (see also page 280), 


References 
I Almy, G.M. & Rassweiler, M., Phys. Rev., 1938,53,890-4. (32,5701) 
2 Pearse, R.W.B., Rep. Progr. Phys., 1938,5,249-56. (35,3493) 


Ceaesium Halides 


Accurate values for the molecular constants of the gaseous caesium hal- 
ides have been obtained from the study of their absorption spectra in the 
microwave region." The spectrum of caesium chloride has been examined in 
absorption in the vibration-rotation region of the infra-red;* this work leads to 
a value for the vibration frequency of the gaseous ‘molecule. 

Studies of the electronic spectra of these molecules have been reported as 
follows: caesium fluoride,® chloride,»*® bromide***® and iodide.* ® 

The molecular-beam electrical resonance method has been applied to in- 
vestigations of the molecular properties of caesium fluoride’”*® and caesium 
chloride.» The molecular-beam magnetic resonance spectrum of caesium 
fluoride has also been studied.** 

Values of the molecular constants of the caesium halides are collected in 
Table IV together with the thermochemical information required for the deter- 
mination of their energies of dissociation (see also page 283), 


TABLE IV. SPECTROSCOPIC CONSTANTS FOR THE GASEOUS Saas HALIDES 


5527°34 33°13 


2161-212) 10-085(2) 
1081-349) | —3.718¢3) 
108-36 


Notes: (1) The values of Be, & and re are taken from reference 1. The values of Be 
and a, are in Mc./sec. 
(2) Constants for cs*Cl. 
(3) Constants for Cs’Br. 
(4) @. (CSF) = 385cem.~ from ultra-violet spectrum,® 270+30cm.* from ‘mole- 
SH electrical resonance.’ Other values of @, are from reference 
2: values in square brackets aré estimated values. 


‘continued on following page. 
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TABLE V (continued) 


Dissociation Energies, D,,, kg.-cal.mole * 


CSF CsI 


a reference 12 
b reference 13 
c reference 14 
d recalculated from reference 16 
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COMPOUNDS OF CAESIUM: SOLID STATE 
Caesium Hydride 


The ultra-violet absorption of thin layers of caesium hydride deposited on 
quartz has been examined.’ Maxima occur at 2970 and 2180A. 
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Caesium Oxide, Cs,0 


Maxima’ in the ultra-violet absorption spectra of thin films of caesium ox- 
ide deposited on quartz lie at 3760, 2700, 2570 and 2070A. 
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Caesium Halides 


In order to avoid repetition, certain properties of the crystalline alkali 
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metal halides are only discussed in detail under one appropriate alkali metal, 
as follows: ultraviolet absorption spectra, page 285; Raman spectra, page 
1380; colour centres, page 2012; luminescence: phosphors, page 2018. 

The absorption spectra of the crystals have been studied in both the infra- 
oe and ultra-violet regions. In the infra-red, maxima have been observed’ as 
follows:- 


CsCl: 102-Op. CsBr: 134-On. 
In the ultra-violet region, the maxima” lie at the following wave-lengths:- 


CsF: 1360 1180 1100A. 

CsCl: 1620 1450 1370 1190A. 

CsBr: 1870 1730 1600 1460 1200A. 

CsI: 2180 2060 1850 1770 1630 1470 13004. 


(see also page 285), 


Theoretical treatments of the Raman effect in caesium halide crystals have 
been discussed.*»® 

Czesium bromide and caesium iodide have applications as materials for 
prisms in spectrographs for the long wave-length infra-red region.’~"> The brom- 
ide has been used® as far as 38u, and the iodide® up to 54n. 
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SECTION XCVI 
THE ANALYTICAL DETERMINATION OF CARSIUM 
By H. V. THOMPSON 


DETECTION 


A number of qualitative reactions common to both rubidium and caesium 
have been given in the corresponding section under Rubidium (see page 2275). 

A very dilute solution of potassium ferrocyanide and either calcium or 
magnesium chloride gives a precipitate with a solution of a caesium orrubidium 
salt and it is claimed that in the absence of the latter element this test is the 
most sensitive known for caesium.¥* The formation of orange-red hexagons 
when a crystal of potassium iodobismuthite is added to a drop of the test 
solution indicates the presence of caesium or of comparatively large amounts 
of rubidium.** The test is considered to be characteristic for caesium 
provided that not more than a 50-fold excess of rubidium is present. A 
sensitive test for caesium is the formation of a complex chloride with zinc and 
gold having a well defined micro-crystalline structure.* Provided rubidium is 
absent, 12-phosphomolybdic acid will detect as little as one part of caesium in 
500, 000 of water.° A microchemical test for caesium has been based on the 
formation with a nickel salt of a crystalline double phosphate, NiCsPO,, but 
an analogous compound is given by rubidium in concentrations of 0+1% and 
over.’ 

Under appropriate conditions the following tests are said to be specific for 
caesium by the formation of:+ (i) a yellow-orange precipitate with potassium 
ferricyanide and lead acetate, * (ii) a faint yellow precipitate with a solution of 
silver nitrate in sodium iodide in presence of alcohol?’ and (iii) a dark red 
microcrystalline precipitate with cadmium iodide and hydrochloroplatinic acid.° 


DETERMINATION BY CHEMICAL METEODS 


Gravimetric Methods. 

Methods for the separation of caesium and rubidium and of rubidium from 
czesium have been outlined under Rubidium (see page 2276). 

In the silicotungstate procedure,” the silicotungstic acid is removed as 
its mercurous salt from a faintly acid solution of the precipitated caesium 
complex in nitric acid, and the caesium is determined in the concentrated 
filtrate as chloroplatinate after oxidizing the excess of mercurous nitrate to 
the mercuric state. : When caesium has been separated from rubidium as caesium 
antimony chloride,*”** the antimony is eliminated from the solution of the 
precipitate and the caesium is subsequently determined as perchlorate. 

Other methods proposed for the determination of caesium in the presence of 
rubidium are precipitation as caesium stannic bromide, fe Cs,SnBr,, or as 
caesium sodium lanthanum nitrite,’ * Cs,NaLa(NO,),, provided in both instances 
that rubidium is not present in very large excess; in the second method the 
determination can be completed gravimetrically or volumetrically by titrating 
the nitrite with ceric sulphate. In the presence of the other alkali metals, it 
is claimed that 5 mg. of caesium and upwards can be determined with a satis- 
factory degree of accuracy by precipitation as its double iodide, Cs,Bi,I,, with 
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a solution of bismuth iodide in hydriodic acid.‘%** For the determination of 
caesium as its tetraphenyl boron complex see pages 2027, 2276. 

By an extension of the volumetric method for the determination of rubidium 
(see page 2276), caesium can be subsequently determined.'*4 


DETERMINATION BY PHYSICAL METHODS 


Reference has already been made to the value of spectrography for the 
determination of caesium and rubidium especially when present in amounts 
below the effective range of gravimetric methods (see page ) and various 
papers have been published dealing specifically with the spectrographic 
determination of caesium.*’*? A limited amount of work has been done on 
colorimetric methods for determining caesium.”* In one process the caesium is 
precipitated as silicomolybdate; the molybdenum in the precipitate is reduced 
by stannous chloride to molybdenum blue and the colour compared with simi- 
larly prepared standards.” 

Caesium in sea water has been determined by radioactivation.”** Part- 
ition chromatography on paper has been applied to the complete separation 
of very small quantities of the chlorides of potassium, rubidium and caesium.”* 
Methods for the concentration and determination of caesium in living organisms 
have been reviewed by Bertrand and Bertrand”* and references to other reviews 
are given under Rubidium (see page 2276). 
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SECTION XCVII 
BIOLOGICAL PROPERTIES OF CAESIUM 
By F. CALL 


Although caesium appears to be one of the most toxic of the alkali metals, 
this toxicity is not of a high order and the element is taken up by many 
plants and micro-organisms, often with a stimulating effect. The difference 
in the ionic radii makes caesium a relatively poor replacement for potassium 
in living cells. The occurrence of **’Cs among the fission products resul- 
ting from atomic explosions has stimulated investigation into the uptake of 
this isotope by plants and its accumulation in animals feeding on the plants. 


Micro-organisms 


Caesium stimulates the growth of Aspergillus niger’ and the fermentation 
of yeast* while the luminescence of phosphorescent bacteria is stimulated 
by low concentrations.* The glycolysis of resting cells of Lactobacillus 
arabinosus is completely inhibited by caesium ions if insufficient potassium 
is present.” Many species of bacteria rapidly adapt themselves to toxic 
concentrations of caesium salts.*° Caesium is the most effective of the alkali 
metals in producing morphological changes in Serratia marcescens® and other 
species of bacteria’ and algae.* Negligible amounts of **Cs were removed 
from laundry wastes during their biological oxidation by the micro-organisms 
present in the slimes and sludges.”’*” 


Soil and Plants 


Spectrographic analysis has shown caesium to be present in many soils.** 
The uptake of caesium by plants from soils is inversely proportional to the 
available soil potassium’? and also depends on the particular clay mineral 
predominant in the soil, being greater from soils containing illite and kao- 
linite than from soils containing montmorillonite.**’** Caesium is removed 
from solution in water by percolation through soils.** 

Caesium is accumulated from sea water by many marine algae, often 
being enriched several thousand-fold.*® Potato plants take up only about 
20% of the available caesium from nutrient solutions. At the higher concen- 
trations, which are toxic, the roots tended to accumulate caesium in pre- 
ference to potassium.’” The rate of absorption of caesium from solution by 
rice increases with concentration of the ion,** in contradistinction to the 
absorption of rubidium the rate of which bears no relation to the aqueous 
concentration. There is a correlation between the amounts of potassium, 
rubidium and caesium absorbed by: a number of different plants from nutrient 
solutions.*® Kinetic studies of the uptake of alkali metals by barley roots 
indicates competitive interference between potassium, rubidium and caesium 
suggesting that these three ions are fixed at the same binding site in the 
roots whereas sodium and lithium appear to be fixed at quite different sites.” 
The absorption of caesium by carrot discs and barley roots is inhibited by 
the metabolic inhibitors, dinitrophenol and azide ion, thus providing further 
evidence that initial fixation of the alkali metal occurs through some meta- 
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bolic mechanism.** The absorption of caesium by the secondary phloem 
of carrots proceeds by two different mechanisms. - If the cells are dividing 
rapidly, caesium is taken up on sites provided by the synthesis of new pro- 
tein, the absorption being associated with a cyanide-insensitive respiration. 
If, however, the cells are not actively dividing caesium accumulates in the 
vacuole by a mechanism which is cyanide-sensitive. There is some evi- 
dence that caesium passes up the roots of the narcissus in waves.” The 
translocation of caesium ions after application to the leaves of bean plants 
is independent of that of phosphate applied to the same site and is inhibited 
by low temperatures, the optimum temperature being 30°C.7* Caesium ab- 
sorbed from nutrient solution through the roots of maize becomes uniformly 
distributed throughout the plant.”*** Studies of the plasmolysis of proto- 
plasts show that the epidermal cells of Oenathera franciscana take up water 
by a non-osmotic mechanism when immersed in solutions of caesium ni- 


Ok ab 
trate. alas ' 
Caesium salts at a concentration of 0.01% have a stimulating action on 


the germination of barley;”” although wheat germinates in 0,006 N-caesium 
solution, it dies in about 10 days.** Caesium chloride at all concentrations 
tested decreased the rate of elongation of radish seedlings, an effect which 
was not due to the increased osmotic pressure of the solution.” The toxic- 
ity of caesium salts as measured by the growth rate of the roots of Lepidium 
sativum could be reduced by the addition of an alkaline earth salt.*° Rub- 
idium-resistant mutants of Ankistrodesmus braunii, produced by long culture 
in rubidium solutions, were also resistant to the toxic effects of caesium 
salts.** Caesium salts produce cytological changes, mainly colchicine 
mitosis, in root meristems of Allium cepa,** but had only low activity in 
causing chromosome abnormalities in pea or beet seedlings.** 


Animals 


A higher content of caesium has been determined spectroscopically in the 
retinas of ox, sheep and pig than in any other tissue examined.** After, 
intravenous injection into dogs caesium disappears rapidly from the blood 
plasma but is stored in the body, 17—39 days being required for the excretion 
of half the caesium. After seven weeks 8—37% still remains in the body, 
50-55% having been excreted via the urine and 8—14% via the faeces.** A 
similar retention has been observed in mice*® andin rats, cattle, sheep, swine 
and chickens.*’ The highest concentration is foundin muscle and the lowest 
in bone and plasma.*”** Such retention of radioactive caesium would render 
the animal dangerous as a source of food. Caesium has been stated not to 
penetrate into human erythrocytes*® but in other experiments there was about 
20% exchange between the erythrocytes and plasma.*° Caesium does not 
compete with either potassium or sodium for entry into the cells.** Caesium 
can, however, partially replace potassium in the active salt and water uptake 


of frog skin.? Caesium is taken up by frog muscle which has contracted 
during the perfusion but not by resting muscle. If taken up, the caesium is 
not removed by perfusing the muscle with a potassium salt solution.** 
Higher concentrations of caesium accumulate in tumour tissue than in normal 
tissues** although earlier work appeared to disprove this.*° 

Caesium is the least toxic of the alkali metals to Arbacia eggs*® and the 
toxicity to mammals is very low, though greater than that of rubidium.*’’** 
The general physiological and pharmacological properties resemble those of 
the quaternary ammonium bases.*® The action on isolated organs, such as 
the frog heart,*° ** the pig uterus,** nerves*”’® or the Aphysia crop*”’ is slight 
and resembles that of potassium, but caesium is not so effective a substitute 
for potassium as is rubidium.** Caesium is less effective than potassium in 
maintaining the motility of ram and bull spermatozoa.*® The effect of caesium 
salts on respiration depends on the tissue and on the species.* Thus, the 
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aerobic glycolysis of rat brain tissue is decreased by caesium salts™ 


the respiration of rat liver mitochondria is increased.** 


2437 


while 


Caesium chloride is as effective as potassium chloride in stabilising a 


plant carbonic anhydrase®* 


but caesium ions inhibit glycolysis by a.cell- 


free extract of Lactobacillus arabinosus™ although an apyrase from the same 


species is stimulated. 


Injections with caesium salts appear to give some protection to animals 
against infection with bacteria of the paratyphoid group and with tubercle 


bacteria. 


during starvation.® °° 


This therapeutic action depends on the diet and is enhanced 
The use of radioactive caesium in biology has been 


reviewed and the element has been proposed as an agent for sterilising food 


and drugs.’ 
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CHAPTER 6 
RADIOCHEMISTRY OF THE ALKALI METALS 


SECTION XCVII 
TABLE OF ALKALI METAL ISOTOPES 


The following table of data on the radioactive and stable isotopes of the 
alkali metals has been prepared principally from the ' Table of Isotopes’ by J. 
M. Hollander, I. Perlman and G.T. Seaborg dated December, 1952,’ from ' Table 
of {sotopes' by D. Strominger, J.M. Hollander and G. T. Seaborg, 1958? and from 
"Nuclear Data Sheets" 1960,* with the kind permission of the authors. 

This introduction, based on that of the original Table, has been amplified 
where necessary by Mr. J.L. Putman to render it more readily intelligible to 
readers whose interests are primarily chemical, and the selectton of data for 
inclusion in these extracts from the Table has been made by Dr. R.A. Allen. 

A description of the entries in various columns is given below, followed 
by atable listing some frequently used abbreviations. 


ISOTOPE 


The first and last columns list the atomic numbers, chemical symbols and 
mass numbers of the nuclear species. Separate entries have been made for 
each nuclear state whose half-life has been experimentally determined. Meta- 
stable excited states are denoted by the superscript ‘m’ following the mass 
number. 


CLASS AND IDENTIFICATION 


The degree of certainty of each isotopic assignment is indicated by a 
letter, according to the following code:- 


Element and mass number certain. 

Element certain and mass number probable 

Element certain but mass number not well established 
Element probable and mass number not well established or 
unknown (mass number not listed means that it is un- 
known). 


HOW > 


Data which have been shown to be in error have in general been eliminated 
from the Table. 

The means by which the mass assignments were made are next tabulated. 
In general, several references are given here in italics, the first of which 
denotes the probable discoverer of the isotope. Following this, references 
are given to the paper or papers which contributed most significantly towards 
giving the isotope its best or present rating. Some indication of the experi- 
mental methods used in making the various assignments may be had from the 
following symbolism:- 


chem Chemical separations, establishing uniquely the 
chemical identity (atomic number) of the isotope 


genet Proven genetic relationships (by chemical or other 
means) with other isotopes whose mass assignments 
are presumably known 
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excit Loosely refers to energetic considerations which 
have aided in making the mass assignment. Some 
of these might be:- 


(1) Excitation or yield experiments to estab- 
lish the nuclear reaction which produces. 
the isotope 

(2) Bombardments with low energy particles, 
in which possible products are few 

(3) Mass calculations, or other estimates or 
measurements of Q values 

(4) In a few cases, uSe of fission yield data 
in making assignments 


cross Studies of yields of the isotope in Several different 

bomb types of bombardments, in which the target elements 
as well as the projectiles have been varied 

n-capt Cases where bombardments with slow neutrons (n-y 
reactions) have provided key evidence in the mass 
assignments 

sep The use of target elements enriched or depleted in 

isotopes a certain isotope 

mass Identification of the mass number by means of a 

spect mass spectrograph 

decay Identification of expected or predicted decay charac- 

charac teristics 


PERCENTAGE ABUNDANCE 


The relative isotopic abundances for the elements are given in accordance 
with the ‘best values’ listed in the report by K.T. Bainbridge and A.Q. Nier* 
and the Nuclear Data Sheets. For some of the light elements reference ismade 
also to papers which discuss source variations in isotopic abundance. 


TYPE OF DECAY 


The observed modes of decay have been listed for all radioactive nuclei. 
In cases of branched decay between two or more modes, the branching ratios 
are listed wherever they are known. Symbols used are:- 


8 Negative beta particle (negatron) emission 
Bt Positive beta particle (positron) emission 
a Alpha particle emission 


EC Orbital electron capture. It may be assumed that X-rays 
have been observed or actually identified in virtually all 
cases of orbital electron capture listed. If the ratio of L 
electron capture to K electron capture has been determined, 
it is given here as L/K 


IT Isomeric transition (transition from upper to lower isomeric 
state of same nucleus) 


When experimenters have searched for and failed to find a particular mode 
of decay, this is indicated, for example, as ‘no £*’.' Experimental upper 
limits are frequently given, but no theoretically predicted limits have been 
quoted. 

Among the heavy alpha-emitting isotopes, calculations by means of closed 
radioactive decay cycles have shown that many of these isotopes are thermo- 
dynamically stable against B™, B* or EC decay. This has been indicated by 
the term ‘@stable’, followed by an abbreviation for the principle of conserva- 
tion of energy, which is used in the calculations. 
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HALF-LIFE 


Half-life values are listed without qualification where the determination 
has been a direct measurement of decay rate. In other cases, the experimental 
methods have been described with the aid of the following symbols:- 


sp act Determination by weighing a long lived isotope of 
known purity 

delay Measurement of the time interval between two succes- 

coinc sive nuclear events (such as 8 and y emission) thus 
establishing the lifetime of the state responsible for 
the second event. By this method, half-lives between 
10°? s and 10°” s have been determined 


yield Estimation of halflife from the amount of activity 
resulting from a nuclear reaction whose cross section 
(or yield) is known or estimated 


An attempt has been made to list the best value or values first. However, 
in a few cases where many values of comparable precision have been reported 
and no choice seemed obvious, an average value for the half-life has been 
listed; this is explicitly stated, and references: are given to all the papers 
whose values contributed to that average. 


PARTICLE ENERGIES 


The particle energies are followed by other relevant information pertaining 
to the decay scheme and by a description of the experimental methods used in 
obtaining the data. In cases of complex alpha structure or several partial 
beta spectra, the relative abundances of the various groups within that mode 
of decay are given in paren'theses. 

Beta particle energies correspond to the upper limits of the spectra. 

Alpha particle energies have been quoted only where the investigator has 
actually measured them. 

Conversion electron energies are listed only when it is not known in which 
shell internal conversion takes place or when no attempt was made by the 
experimenter to relate the electrons with observed or unobserved gamma rays; 
in all other cases, entries are made in the column for gamma transitions. 

Experimental methods are described as follows:- 


abs Absorption of the radiation. The absorption of 6 and 
B* particles in increasing thicknesses of material is 
at first nearly exponential, but a maximum range is 
eventually reached. Both the initial absorption and 
the maximum range are measures of the original energy 
of the particles : 


coinc - and ycounters with absorbers can be coupled to a 
abs coincidence equipment, which registers only when a 
count is obtained simultaneously in both counters. 
This method is sometimes used for the selection of 
particles or gamma-rays in complex breakdown schemes 


spect In a beta-spectrometer, the energy of the radiations is 
found from their deflection in a magnetic field 


coine Denotes coincidence methods (See coinc abs) used in 
spect conjunction with a betaspectrometer 


scint In the scintillation counter, radiations falling on a 
spect crystal, or other phosphor, produce scintillations of 
light which are converted to electrical impulses with 
a photomultiplier. Using certain phosphors, the ampli- 
tude of the impulses is proportional to the energy given 
up by the radiations. The arrangement can therefore 
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be used as a scintillation spectrometer to determine 
energies of the radiations 


clch By the use of a Wilson cloud chamber the tracks of 
particles are made visible when vapour is condensed 
on the charged ions they leave behind. The cloud | 
chamber is used with magnetic fields to determine the 
deflection and hence the energy of B~ and £t particles 

ion ch The ionization per cm. of path, as well as the total 
ionization, produced by a beta-particle depends on its | 
energy. In the pulSe ion chamber and in the propor 
tional counter, electrical pulses are produced whose. 
amplitude iS proportional to the ionization in the 
chamber. These can be used to deduce the energy of 
the radiations. 


GAMMA TRANSITIONS 


Gamma transitions are described by the following information, in so far as 
reliable data permit:- 

Energy of the gamma quantum. When internal conversion electrons form the 
basis for the energy determination, the energy listed in this column is always 
that of the corresponding gamma ray transition. 

Abundance of gamma rays. This may be given as the number of unconverted 
gamma rays emitted per 100 disintegrations. Where an absolute abundance 
has not been determined, often the relative unconverted gamma ray abundances 
have been measured. These are tabulated, for examole as y,/y,/y3 © 2/1/5. 
Internal conversion coefficients. These are given for each gamma transition 
as the ratio of the number of conversion electrons emitted to the number of 
unconverted gamma quanta emitted, and are expressed as e/y. Where conver- 
sion coefficients for individual electron shells have been determined, they are 
denoted as eK/Y,e,/Y etc. 

Conversion coefficient ratios. Where the ratios of internal conversion coef- 
ficients in several electron shells have been measured, they are listed as 
K/L, L/M, K/L+M, K/L/M, Lj/Ly/Ly1, ete. 

When an author states that gamma radiation is present, but reports no 
energy determination, this is indicated by the symbol ‘y’. Conversely, when 
attempts to find gamma radiation have failed, this has been indicated by ‘no y’. 

X-Rays have been mentioned only when they are the prominent radiation 
observed in measuring an activity, or when the observation and identification 
of X-rays has been crucial in the characterization of an isotope. 

The symbols used to describe the methods employed for the determination 
of gamma ray energies or for the elucidation of decay schemes are as follows:- 


abs Absorption of the radiations. The number of gamma- 
ray quanta decreases exponentially with the thickness 
of the absorber, and the rate of decrease is a measure 
of their energy. 


abs Absorption of the secondary electrons produced by the 

sec photo-electric effect of yrays on matter. The energy 
of such photo-electrons is equal to that of the original 
y-rays minus the ionization energy needed to eject the 
photo-electrons from atoms of the absorber. 


abs Absomption of internal conversion electrons 
conv 


coinc Coincidence studies using absorption techniques (see 
abs P ARTICLE ENERGIES) 


spect Use of the magnetic beta spectrometer(Ssee PARTICLE 
ENERGIES) to measure the energy of secondary elec- 
trons produced by gammerays in matter 
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spect Use of the beta-spectrometer (see PARTICLE ENER- 
conv GIES) to measure the energy of internal conversion 
electrons 


coinc Use of the beta-spectrometer in connexion with other 

spect counters in a coincidence arrangement (See PARTICLE 
ENERGIES, coinc abs). Coincidences with other 
gamma-rays, with conversion electrons from other 
gamma-rays, with beta-particles etc. are used to iden- 
tify the particular gamma-ray being measured and to 
determine its relation to the decay scheme of the 
radioisotope. 


scint (See PARTICLE ENERGIES). The energy of the 

spect gamma-rays is generally deduced from the pulses pro- 
duced when gamm@rays are completely absorbed in the 
phosphor; z.e. from the energy of photo-electrons pro- 
duced in the phosphor. It can also be deduced from 
the maximum energy of recoil electrons produced by 
the Compton recoil process in the phosphor 


cryst Estimation of wave-length and therefore energy from 

spect the diffraction of gamma-rays in a crystal. This is a 
standard method. by which the wave-lengths of X-rays 
are determined in terms of the spacing between planes 
in the crystal structure. It is generally applied only 
to low energy gamma-rays, whose wave-lengths are not 
too short compared with the spacing of crystal planes 


DISINTEGRATION ENERGY AND SCHEME 


The disintegration energy (Q) of a nuclear decay process is defined as the 
mass difference of the initial and final atoms, transformed into units of energy 
(1 atomic mass unit = 931 MeV.). It is equal to the sum of the kinetic energies 
of the particles emitted, plus the energies of any gamma-rays which may follow 
them, plus the energy of recoil of the nucleus. Note that when positrons are 
emitted the energy (1:02 MeV.) of the annihilation radiations must be included. 
Where Q values have been estimated or calculated by the authors of this com- 
pilation, the special reference ‘HPS’ is used; _ otherwise, reference is made to 
the paper from which the quoted value is taken... In most instances Q values 
have been obtained from decay data; where this is not the case, the method is 
indicated. 

Energy level diagrams have been drawn in many: cases; these are not 
necessarily complete representations of the data, but sometimes include only 
those features which are reasonably well established and unambiguous. A™ 
particles are represented by lines sloping downwards from left to right. £t 
particles and electron capture processes are shown as lines sloping downwards 
from right to left. Gamma-rays are shown as vertical lines... Thus, vertical 
displacement represents loss of energy, and horizontal displacement represents 
change of atomic number. Where alternative modes of decay exist, all are 
shown, and the percentage of disintegrations proceeding by each mode is 
indicated... Heights of the various energy levels above the ground state are 
indicated at the side of the drawing. . Similarly, the total angular momentum 
(spin) and parity of the states have been included in some cases, where these 
quantum numbers could be inferred with some confidence from determinations 
of conversion coefficients, K/L ratios, ft values, etc. We have relied heavily 
on the interpretation of decay data by Goldhaber and Hill.° 

For B~, B*, % or EC decay, the percentage figures given in the decay 
drawings total 100% for each mode of decay, thus expressing only the relative 
abundances of various groups within that mode of decay. (Branching ratios 
between the several modes of decay are found in the ‘Type of Decay’ column). 
In the case of gamma radiation, however, the percentages given refer to the 
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fraction of the total disintegrations of that isotope which give rise to the 
gamma-ray and its conversion electron. This has been done because of the 
difficulty of assigning a gamma ray to a particular mode of decay. 

Measured values for the mechanical or spin moment, I, of stable or long 
lived isotopes have also been given in this column. Except as supplemented 
by more recent data, the values given here are taken from the compilation by 


Mack.° 


METHOD OF PRODUCTION AND GENETIC RELATIONSHIPS 


The last column of the Table gives the nuclear features (target element, 
projectile and outgoing particle, in order) by which the radioactive isotopes 
are formed. . The corresponding references are listed: (p-proton, n-neutron, 
aw alpha particle, d-deuteron, t-triton, y-gamma ray or X-ray, e-electron, mpi 
meson, C-carbon ion). In cases in which the target material is not the natural- 
ly occurring element, but one enriched or depleted in a particular isotope, the 
isotope responsible for the reaction is indicated. No means for identifying 
the source or energy of the projectile are given. 

In nuclear reactions with high energy projectiles, multiple particle ejection 
is common. Rather than attempting to state definitely the path by which the 
product nucleus was reached, these spallation reactions are briefly represented 
by the abbreviation ‘spall’, followed by the symbol of the target element. 
High energy fission reactions are similarly represented by the words ‘spall- 
fission’, and thermal or low energy neutron fission simply by ‘fission’. 

The criterion for listing genetic relationships has been with few exceptions 
that these relationships be demonstrated experimentally; for example, by 
chemical ‘milking’ of daughter activities, analysis of growth decay curves, 
or, in the case of short lived isomers, by delayed coincidence experiments. 
The listing of these parent-daughter relationships gives some warning to the 
reader as to what he may expect in the way of radiation from a given isotope, 
since a sufficiently short lived daughter’s radiation will usually be observed 
with that of the parent. 

A few further abbreviations are listed below:- 


[ ] Properties listed in brackets have not been observed 
directly, but have been inferred from other experi- 
mental data, 

est Estimated or calculated from theoretical or empirical 


calc considerations 
lim Experimental upper limit 
emuls Photographic emulsion 
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TABLE OF ALKALI METAL ISOTOPES 


Percent Type of Radiation energy, MeV. 


s Dooulerd 
broadening 


BS 43. 90%) a 
C5) Shao 
spect;2? <13 (~ 2%) 
B- y coinc abs; 79 
120 cl ch;® abs;? 
two a’s: total energy. 
32, 7-9 cl ch?4 


A excit; ae n-capt, 
Sep isotopes, genet°® 


35< Bt <73 est?8 


: 27 
Na | A excit 


bd 
«2428 


B excit, cross 
bomb 2° 
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TABLE OF ALKALI METAL ISOTOPES 
a fe 


Radiation energy, MeV. 
y- Transitions 


no y; 815 


y (very weak) 
= coince?9 


Be-y-p;> .9,11,23 
B-n-a;?4 
| By 2p, By 2pn?? 


Be-d-2p;75 
B-p- 3p, B-d-3pn; 2° 
B-y- 2p; 77 

C-d4pn, C-p-4p;75 
C-p-4p7° 


28,11 


Nay 3n 
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B exci 
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RA DIOCHEMISTRY 


98-2 


Type of ; ae he 
Half-life Radiation energy, MeV. 


15°06 h;57 
1504 h;°8 
15° 10 h;>? 


2+ 50 spect; 32 
253 spect" 
2-16 (2+2%)*° 


2651 (97+8%)°9 267 


0-542 spect;#? 


~ 168 (0°06%) spect; 4? 
~ 18.(0°004% cl ch; 4? 
others". Re 

0-5447° 


1-390 spect, 
coinc; ©263 
14 spect;%4 


15-0 h964) 4. 17 (0-003%), no 


14.96971 
15-00972 


55 B-, spect;°> 
lim 4 15 B7, 001% 
spect;°® 
others °” 
0-28 (0-04%)399 
from y-ray 

1-391 (100%) 
weighted average? 


3°7 (#55%), 2°7 
(~45%) abs;494 


adopted values369 


Liste am 


ee | 


ee a a ee ee ee 
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Radiation energy, MeV. Di sintegration Method of production and 
ah A each Isotope 
y- transitions energy and scheme genetic relationships | 
w Na 


no y 7 
0-347 (2-2%)°° 


1:2736° °° 


1,277 spect:*? 
44 

1-3 spect; 

| others 


Y, 1380, y, 2758 
spect; 2 


1-380, 2765 spect;°? 


y, (e/y 3x 107);7° 
2748 spect;”2 | 
2755 spect;”? ‘ Alepenani®® .88,90,94 
y, (coinc with y,) Al-p- 3pn:? 
spect, B-y, 4: Diten ees n3o (9)88 
coinc; 73 a ieee ve ce A126 Fe, 5? 
0. £0008% cy, 53,97 Sn: 98 
ray (0.04%) D-yp ion 1-368| Spall fission Cu,?° u?? 
ch; 7” 
~ 4 (0-05%) spect;°> 
others*® 782 
Weak high energy 
y-rays373 


>0-5 (weak) abs7°! | Q& | Mg-yep;10488,90 
i - bearers was ee 94 
fas = Suggested scheme?®9 Wes 
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Class and Percent Type of Halfelife 
identification abundance | decay 


+ 
a 
38y 
6% 107 


A chem, cross 
bomb/ 07,108 


93°10; 
baad 76) he ed 
varia- 
tions!19 


A chem: 120,121 
chem, mass 
spect! 22 


B- 89%, 
EC 
1 1%; 123 


~88%, 
EC (K) 
| ~12%; 


| 124 
& 
~93%, 
EC (K) 
~T%: 125 
assum- 
ing 
EC/y = 
1, 6- 
90%, 


EC 10%; 
126,127 


B~ 91%, 
EC 9%; 
124 


ie 89%, 
EC 11%; 
128 

B~ 94%, 


EC 6%; 
129 


EC ° 
10-95% 
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B~ 89-05% 


98-2 


Radiation energy, MeV. 
Particles 


4-6 scint spect!9§ 
515966 
5-10378 


109,110, 
379 


7-5 m:2 21 
7.6 m102 
7.67 m380 


2-8 spect; 110 
2-5 abs;111 
others!99 
9.68379 

no 4.9 Bt 979 


tQ- spact |1-33 spect;442 


(uncorr. |1-36 spect;?49 

for EC): | 1-36 scint spect;/44 
1-32X10° |1+35 spect: coinc;!45 
y;133,134 |1.41 abs-146,67 
1-26x10° [1-28 scint spect! 98 

y; 135,136 | 1.321 least squares 
1-29x10° | adjustment of 

youre 4°A and “°K masses?§? | 
1-49x10 {28-0 6's per gm.K 


y;297,127) average of many 
138 determinations? 
1-42x10° 
y,124 
-others!39- 
141 
ty, 1-2x10° 
y calc 
from aver- 
age t@- 
and EC/ 


Be 47 
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Radiation energy, MeV. Disintegration Method of production and 
transitions energy and scheme genetic relationships 


Qt 6-12969 9n105,106 
Ab: use: 377,378 
2 


100% B* 


CLs 
366,378 


2-16 scint spect; 112 Q” 48147 (see also | Cl-a-n;107,109,108,111 
~v2-1 abs seci11 113,114) K-n-2n; 115 
K-p-pn;! 12,110 
} Key-n: .116,114,102,90 


Ca-d-a!7 


1:46 scint spect;?3!. oF 1°3347 Nanialeonnmelsurtst 
147 ie 63) 56,47 
1-48 scint spect; !4é ra I= 
1-47 scint spect;!49 
1-54 (with EC) abs, 
-eoinc; 146 
1°55 abs; 75? 
y (with EC);!5!, 152 
y/B™ 0-12 sp act 
average of:!25,135, 
134,138,140,153,154, 1-46 
127 


EC/y ~1155, 124,152 
1-46 scint spect;3°! 
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Radiation energy, MeV. 
Particles 


6°7 x107° Ss 
delay 


coinc! $7 


A chem, n-capt; 3°58 (75%), 2°04 
chem, cross -5 h; 19: (25%) spect; 162 
bomb! 59+160 Caen: 3°60, 1-9 spect;154 
3°5 (~70%) (not 
coine with y), 
~1°8 (~30%) abs, 
coinc!9! 


0°465 (8°2%), 0°825 
(87%), 1°24 (3°5%) 
1-814 (1°3%) 

spect 

0°81, 0-24 spect, 
absi§5 


Refs. p. 2472 


98-2 ALKALI METAL ISOTOPES 2453 


Radiation energy, MeV. Disintegration Method of production and re 
}transitions energy and scheme genetic relationships P 


1-51 spect;!62 
1:50 spect;194 
1°5 (17%) scint Ken-y;850107,86 
spect!93 Ca-nep:1 $9107 
7 Se-n-a; 150,107,101 
spall Co,!§° Cu;97 
daughter *7A197 


0°220 (3%), 0°371 

(85%), 0-388 (7%) 

0-394 (11%), 0-591 (For Diagram see 
(13%), 0-614 (81%), next page) 
1-005 (2%), scint 
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Class and Percent Type of Radiation energy, MeV. 
identification abundance decay Particles 


baat chem, excit?54 cam Ghee 22-3 m959 Many \ oe 
18 m/58 \ oe spect?59 


ie A chem, mass 4-7 hi74, 0-990 spect! 7! 
spect! 7° - 384 0°325, 0-575, 1-05 
spect 384 
EC 90-17% 
369 
Bt 8-3% 


MR» |B chem,genet?®4 1-4 spect384 
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Radiation energy, MeV. 


transitions 


Many y-energies 
-scint: spect?° 


0-95 abs17! 
0-253, 0-450, 1-1 


0-085 spect 
conversion 
in Rp384 
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Disintegration Method of production and 
energy and. scheme genetic relationships 


Br-a-n;! 70,171 aK 
parent ‘sty p71 
Br-a-2n! 70 


369,384 


Br-a-2n384 
parent **Rb, 
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Class and Percent 
identification abundance 


A chem, genet!72 


82M Rb | A chem;!73 
chem, mass 
spect! 7 


A chem, mass 
-spect/”! 


mR» | B chem;!79 
chem, excit 
176 


decay 


EC 3-8% 
Bt 172 


(EC, Bo 


Gy 
171,179 


Rb |.A chem, cross 
bomb! 78 
chem, mass 

spect! 7! 


e ss 
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RADIOCHEMISTRY 


Type of 


+ 
96-2% 
eo 


98°2 


Radiation energy, MeV. 
Particles 


ic 


0-775 (76%), 0-175 


Half-life 


(24%) spect; 174 
0-670 spect;171 
0-800 spect; 385 


Bt: 1-629 (39%), 
0-822 (58%), 0:373 
(2) (3%) spect;!74 
1°5 spect;474 
1:3 abs;!79 

B* 0-79 (11-7%), 1-63 
(9+5%), B* 0-908 
(2°7%). spect; 38 4,386 


0-9 x 107% 
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Radiation energy, MeV. Disintegration Method of production and 
y-tran sitions energy and scheme genetic relationships 


0-188, 0-248, 0-322, 
0-390, 0-423, 0-465, 
0-558, 0-610, 0-690, 
0-768, 0-818, 1-020, 
1-314, 1°464 spect 

conv, spect!74 


Br-a-n:1 73,170,171 
Kr-d-2n;! 73 

not daughter °Sr (lim 
0:01%)! 72 


~0°45, ~0-15 spect 


Br-a-2n;! 71 
conv! 75 


daughter *Sr;/ 75 
parent °™ Kr!75 


y, 0-463 (not coinc 
with y, or Y3), Ya 
0-239, y, ~0-239 
(coinc with y2), Y. 
0-890 (y,/y¥4~ 7) 
scint spect, y-y 
coinc! 

0°217,~0-239, 0-466 
y-tays of Rb** 384 


Br-a-n;? 73 


1-9 


0-890 scint: spect, 
spect conv;!74 
0:85 abs;!74 

0-8 abs;!79 
0-879 (79%), 1°01 
(0°4%), 1°90 (1-0%) 
scint spect?87 


Br-aen:! 71,179 
Kr-a-pn, Kr-s-2n;!79' 
Rben-2n;! 78 

Sr-d-at 78 


0-513 spect, spect 
conv! 81,180 


daughter *Ssr! 80 
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Class and Percent Type of Halflife Radiation energy, MeV. 
identi fication abundance decay Particles 
B chem, excit, 


19-5 d!87 |8, 1-777, weighted av- 
18-64 d388| erage of 189,190,191, 

chem, excit 

187 


18°66 289] 192,193,194,195,391, 
18°68 q282| 392,393,394 


18-7 d399 | 8, 0.717 B-y,399 0-700 
spect,!92 0.711 
spect,79! 0-720 
spect,194 0-694 
spect,!°5 0-680 
spect,29? 0-715 
spect, pa.c%¢ average 
percentage 9%753 


6-0 x 10°° 
y sp 
act;295, 
206,207, 
208 

6-4 102° 
y sp act; 
209 

6-2x10% 


y sp act; 
210,397, 


398 

7.6 x 10*° 
nade 
calc from 
210). 
6-3 x 10% 
y yield; 
212 5°07 x 10°° y sp act;499 
38X10 [50x 10'° y yield and 

y sp mass spect; 491 

act?43 | 46x 10! y chem, 

43x 109 yield492 

y sp 407 x 10°° y sp act;996 
act399 5e25 x 10°° y sp act493 


A chem;!20+121 


chem, genet; 
202,203 chem, 


mass spect? 94 


0-275 spect; 21° 
scint spect;?°& 
0-270 scint spect;?14. 
otherg?! 5-219 

0°272 scint spec 


t996 
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Radiation energy, MeV. Disintegration Method of production and faotowe 
transitions energy and scheme | genetic relationships 4 
"Rp, 1254 2 fission U (mass 
spect)! 83 


0-57 scint spect;185 Rb-n-y, Rb-n-2n/ 84 som RY 
0-78 abs! 84 


1-076 spect;!93 86Rpy, 122196 SR» 
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Rb-n-y; 186.197 
Rb-y-n;! 98 
Sr-d-a;187 
spall-fission Bi,! 9% 
200 U; 99 
fission U2! 


others ?® 

1°08 (8-9%)395 
1-055 spect793 
1-080 spect??? 
1°083 spect? 9% 


86nv 
(25) 


Qq 0-27,210 0.273569 


no pat Ona 0 7408 


natural source;! 29124 
fission U (mass spect); 
183 


parent °’Sr (masg spect) 
202,203 


(7+) 


210,209 
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P T . R i i M V. 
Isotope}. class aed na ed ype of Halfelife adiation CORY arin 
identification abundance decay Pasicles 


*Rp =| A chem;/86 5-30 (78%), 3-6 (13%), 
chem, genet 2-5 (9%) spect;??4 
220-222 5°13 (66%), 3°29 
(19%), 2°0 (15%) 
6 spect; 223 
5-20 (66%), 3°6 
(~17%), 1°8 (~17%) 
abs?27 
A chem, genet 4.5 abs?%° calc from; 


221,232 
Refs. p. 2472 a 


3-8 abs??? 
2°81 (6%), 3-92 (11%) | — 
scint: spect495 | 


-Radiation energy, MeV. 
transitions 


2°8, 1-86, 0-90 
spect;?73 
V1 3:0 Yq 107 (2-) 
(Y;/Y¥2.~4o) abs 
sec, B-y coinc??7 
y,.4°87, y, 3°68, ys 
3-52, V, 3°24, Vs 
3-01, ¥, 2°68, y, 
2-11, V, 1°850, Yo 
1:39, V9 0-908 
(V1/Va/V3/ValVs/Y6/Vo/ 
Ye/Yo/Vio) ™ (124/04 
1+1/1-4/1-4/11/4-5/ 
100/6/63) 
-scint: spect*?4 


QB 530224 
*Rb 


233 y, 3°52, Y_ 2°75, QB = 3.99405 


Vs 2°59, V4 2°20, ys os 
1:55, Y, 1°26, y, 1:05) 0 
y, 0-663 | 

(Vs/Va/Y3/Va/Ys/Vo/Y2 
/Y,) = (2/3/138/14/4/ 
53/75/15)495 


369,405 


ALKALI METAL ISOTOPES 


Rb-n-y,186,115,1 97,86 
fission: Th,?28 Pa;2 29 
fission U, daughter 
884° ~230,220,221,231, 


85 356 


fission U, daughter 
$9 7,221,252,2 26,234, 
235 


parent °°Sr221,231,226, 
234 


2461 
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2462 RADIOCHEMISTRY . 982 
Class and Percent Type of | , Radiation energy, MeV. 


*°Rb | A chem, genet 5-7 abs,736 B, 6-59, 
236 B, 5°81, B, 4-4, B, 

Es A chem, genet 

236 


2-21, B, 1-2 scint 
2m Rb |.A chem, genet B 236 14 m236 3-0 abs?96 
236 spectrum complex?7§ 


spect496 
4-6 abs?236 
°225 | D chem, genet Bo 231 
231 [short] 
235,238 
me [8-]242 | [short] ?55, 


237,235, 
239,238, 


spectrum complex?3§ 
238,237, 


242,234 


[81234 | [short]?38, 
243 234,243 


F genet?37 (671237 | [short]?37 
aE 


42°Cs | Achem, mass 245 2-03 spect?45 


B* 85% 
EC 15% 
409,369 


3-84 scint spect499 
B, 3°84 (59%); 
By 34 (31%)359 


1-2 spect, abs?46 

B, 1-063, B, 0-685 
spect498 

B, 1-021, B, 0-677 

spect4!! 


A chem, mass 


A chem, mass 
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98-2 ALKALI METAL ISOTOPES 2463 


. Radiation energy, MeV. 
‘}transitions 


stad fission U, daughter 
23 possible y-rays Kes 
406 parent 9G p2 36-238 


-y236 fission U, daughter 
0-1 scint spect497 - "Kr, parent “Sr; 236 


ancestor *Y237,240 


fission U, daughter 
9247238 


9 
ancestor "Y 251,240, 
241,234,238 


fission U, daughter 
93h 77235,238,237 


ancestor *Y¥242,234, 
235 


fission U, daughter 


o 
ancestor My 234,243, 
238 


fission U, daughter 
kr: 
ancestor °Zr?37 


fission U, daughter 
7K 

ancestor °’Zr;238 
fission “SU, Pu? 45 


0-112. scint spect I-a-6n,?745 parent 
245 18h; 

15Xe and 55.8; 
0-385 (38%). scint Qk 51369 } 
spect 49 


B 
Y, 0406, y, 0-363, A 2°085359 [-a-4n;246 
Ys 0°169, Y, 0-1246, daughter '?7Ba?47 
spect498 
y, 0-411, y, 0-286, 
Y, 0°124 spect4!! 
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2464 RADIOCHEMISTRY 98-2 


. Class and | Percent Type of é | Radiation energy, MeV. 
Isotope f Rey Sie Half-life ee 
identification abundance decay Particles 


**Cs |B chem, genet 3:0 abs249,250,247 
ane | B,.3-0, B, 2:5, Bs 

1-5 (B,/B,/B, = 70/ 
30/3) spect413 


conv: “0-3 abs?46 


A chem, mass 
spect? 46 


A chem;754 
chem, excit;?52 
chem, mass 

spect?45 


B*: 1-97 spect;252 _ 
B7: 0°442 spect?52 


A chem, genet; 
253 


chem, mass 
spect?54 
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982 ALKALI METAL ISOTOPES 2465 


Radiation energy, MeV. | Di sintegration Method of productionand 
. ‘transitions energy and scheme genetic relationships 
‘Y, 0-980, y, 0:445 
scint spect4!3 


Isotope 


EC $11% 


Bt <41% 


Qt 1-23 69 
scheme complex? 


0-5 abs?46 
y, 0°585, y, 0-545, 
y; 0-411, y, 0-371, 

| Ys 0-315, Y, 0-283, y 
Y, 0-174, y, 0-092 

Y, 0°040 scint 
spect411 


I-a-2n;? 46 
daughter '”Ba249,2 50 


QB 0-442, @% 2-99252 [-a-n251,2 46,252 


(1+) 


I-a-y;?6! 


daughter ‘*4Ba;?53, 
259,258,256 


not parent }“*™2Xe; 
256 


parent (?) *4™2Xe 
262 


(253,255 


™~0-1 abs conv, avs 
259,258 
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2466 RADIOCHEMISTRY 98-2 


Class-and Percent Radiation energy, MeV. 
Isotope : APPR G: : 
identification abundance Particles 


A chem, excit 
263 


6-0 x107° 
s delay 


14MCg 1 A chem; n-capt; 
87,267 
chem, excit, | 
n-capt? 58 


Cs | A n-capt;?75 : 0-648 (75%), 0-09 
chem, n-capt, : (25%) spect:?79 
excit?68 0-65 spect;?76 

276 0-66 (72%), 0-09 
(28%) spect;78 

0-676, 0-640, ~0-08 
(24%) spect;?74 
0-60, 0-09 abs, B-y 
coinc abs;78! 
others? 82.258, 164, 283 
Values on accepted 

decay scheme? 

B, 1:45 (0°2%), Bz 
0-89 (1:5%), 8, 0-652 
(75%), B, 0-41, Bs 
0-28 (3%), B, 0-086 


(20%); refs.include 
424,425,426,427, 


418,417 


eS | 


‘Refs. p. 2472 


98-2 ALKALI METAL ISOTOPES 2467 


Radiation energy, MeV. Di sintegration Method of production and 
}transitions energy and scheme genetic relationships 


0-668 scint spect;?54 Cs-n-2n;2 63.2 64 
0-62 abs, abs conv?93 Cs-p-pn416 
¥1 1-30, y, 1-20, y5 

1-08, y,0-77, ys 

0-670; (y,/¥2/yY3/ 

Ye/Ys) = (1/0-6/0-6/ 

Bera, scint spect 


Isotope 


70-081 (e/y 1-8, 
K/L+M 6:0) scint 
spect, B-y delay 
coinc? so 


0-0105 (a ~200)428 Cs-n-y;8 7,2 67,2 68,86 
0-128 (K/L.M~=64-3/ |* Cs-d-p?68 

100/18-6). spect | | 

cony;?70 

0-128 (ex/y 2-2) 

scint spect;?72 

0-128 (Lyy/Lyy1 ~1) 

spect conv; 273 
‘others; 154,269,271 


0-1271 spect. conv428 


| Numerous results Cs-n-y;7 75,197,268, 
energies on accepted ' r-1-773 86 

decay scheme?99 ‘i | Cs-d-p;? 8 
include; ti741-641Ba-d-a?96 
'Y, 1-367, y, 1-168, y, 

1-038, 02) 0-801, Ys 

0-7964, y, 0-6047, y, 

0°570, y, 0°563, y, 


0°473 refs 2774-276, 
280,284,285, 286, 417, 


418,419,420 


1-37 (33%), Y_. 1-17 
(2°5%), Y3 1°04 (2%), 
Y4 0°80 (90%), Ys 0-605 
(98%), VY, 0°57 (24%), 
Yq 0°48 (1°3%) 
spect4#?! 


0-248 (K/L 7-0) spect daughter ***xXe265 
conv, scint spect, B- | 
y delay coinc?95 
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2468 RADIOCHEMISTRY | 98-2 


Class and Percent Type of : 
H eo 
paopene identification abundance decay eae 


438Cg | A chem, genet; Bu 297 2:0 10% y 
297 | | 429 
chem, mass . 

mepecte 
al = rill 


3-0 X10° y 
chem, excit 
1370, 


sp act;?79 
302 


9-1X10° y 
Refs. p. 2472 


| Radiation energy MeV. 
Particles 


0-21 abs:797 
0-19 abs? 99 


-yield?97 


13-7 q302 
12-9 q4#30 


0-35 abs;39? 
0-28 8-y coinc abs; 
~303 

B, 0-657 (7°4%) B, 
0°341 (92°6%) spect 
430 | 


A chen, genet: 33y;319, B, 0-523 spect;3!4 


“308 183,431 = |B, 0-51 (92%), By _ 
chem, mass 30-0 y; 1-17 (8%) spect;3!? 
spect? ?7927¢ 432 B, 0°521, B, ~1-2 


spect; 34 
B, 0-518, 8, ~1-18 
spect;3!4 
others?! 5-31 7 

B, 0-514 (92-4%), B, 
1-18 (7°6%) spect:433 
B, 0°51 (952%), B, 
™~1-2 (4°8%) scint 
-spect434 
B, 0-519 (~97%), B, 
1°18 (3%) spect435 


A chem;? 279239 3°40 (coine with 1°4 
chem, mee: y), “2:9, “2:0 
spect?? spect, B-y coinc 


abs;331 
2°68 spect:>> 
2°65 abs (797, calc 


| 


sh Sa oe a ed 
ve nae 


; 


| with y, and y2) 


98-2 ALKALI METAL ISOTOPES 2469 


Radiation energy MeV. Di sintegration Method of production and 
6! : ; Isotope 
transitions energy and scheme genetic relationships 


MNO, panera daughter **>xe;? 97 teres 
fission U2 99483 


~0.9 abs; 592 


1-2 8-y coinc abs; 
303 | 


spall-fission Th?4 
U:10! 

FJ 
fission Th,295 33y, 
| 306,307 
2351; 307,301 Pur?%, 
301 


1360, 


two y’s302 
13 y’s scint spect 
‘spect, conv499 


with 3°" Ba: 
0-6616 cryst 


spect;318 
others?! 9,320, 315, 


321,322,323,217, 
313,314 


127 Og I= ys 2 
28 1-2,47 1-176959 


spall-fission Th;??4 

fission Th,?95 u, 
324,298,310,183 

23317 306,307 ned Wf 
307 

parent 337" Ba;326,317 

daughter '7xe927,328 


370g 


(44) 


y, 0°463, yz 0°98, 
 Y3 1°44 (coinc: 


Ba-n-p;73? 

fission Th,? 28,241 

Pa.229 [j-250,251 
® v 


spect conv, 
-scint spect, 
B-y, y-y.coinc; 
-331 


1°2 abs; 728, 330 
14 y-rays438, 439 
most abundant; 
¥1 2°53 (9%), yz 
2°21 (18%), ys 
1-426 (73%), V4 
1:01 (25%), ys 
0-550 (8%), Y6 
0:4626 (23%)438 


221,332 
descendant **°1932 


+)— 
331,369,438 
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2470 RADIOCHEMISTRY 98-2 


Class and Percent 
identification abundance 
_A chem, genet 
222,230 


Type of Halflife | Radiation energy, MeV. 
decay Particles 


4°3 absorp*4 


Isotope 


144Ccs | A chem;?7! aan 
chem, genet. 


; ren 


poe 
Be 
i) 
ee : 
@ 


short; 235, 
238,239 


4305 | F genet??5 
F genet?97 


A chem, genet; 
336 


chem, mass 
spect?97 


14205 | D chem, genet 
335 


Q 
w 


212 Fp 6-409 (37%), 6.387 
(39%), 6-339 (24%) 
spect;398 
6-36 ion ch;399 

a, 6-342, a, 6-387, 
Qa, 6+342, (a,/a,/ 
a, * 37/39/24) 

spect? 4! 


217%, | E genet, decay 8-3 range emuls?49 
charac?4 
err 6 B genet 944.942 7-85 ion ch342 


219k, =| A genet? 44 


B stable 
(cons 
energy) 
47 


22m, | A genet?44 


A chem ,genet 


6-30 ion ch;345.348 
345,346 


6-30 (75%), 6-05 
(25%) ion ch?47 
6-33 (84%), 6-12 

(16%) spect 44? 
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98-2 | ALKALI METAL ISOTOPES 2471 


Radiation energy, MeV. Disintegration Method of production and 

} transitions energy and scheme genetic relationships = { 
>0-7 absorp*4? Q5149%4 fission Th,??8 U;?22 
230,231 
daughter !*°xe;222, 
230,244,231 


descendant $991,793 


parent *°°Ba?222.230, 
241,231,334 


daughter '*!xe]; 
235,238,239 


[ancestor *“4La]235 


[daughter *“*xe];235, 


[ancestor *8ce]235, 
"238 


[saughter '**xe]-?98 


ancestor '“Ce]?37 
238 


spall Th;?76 


parent 212 99 96,33 7 


11% 11% | 
369,441 
Qq 8:00, Qec 1:8 calc343 = [daughter Ac, parent |?*Fr 
21444341,342 


Qq 7-44343 daughter *”Ac, parent |7Fr | 
2154 +344,340,342 


Qq 6-81, QQ 1:27 calc, daughter ?“Ac, parent [77°F 
QEc 0-89 cale3#3 21641344,341,342 


2a rip 


daughter ?“Ac, parent 
217 At: 346,345,348,347 


daughter 74Em?37 


0-220 spect conv, 
scint spect?*9 
0°216 (14%) spect 


conv scint spect 
442 : 


r 
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2472 RADIOCHEMISTRY 98-2 
Isotope] . Class and Percent Type of Hal flife Radiation energy, MeV. 
identification abundance decay ‘ Particles 
21 m°5? 


A chem, genet 


a 354, 
PBL: 8°: 1-2 cl ch 


353,357 


a 5-34 range, 
emulsion 443-444 
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SECTION XCIX 


THE USE OF RADIOACTIVE ISOTOPES OF THE 
ALKALI METALS IN CHEMICAL STUDIES 


By C. B. AMPHLETT 


Radioactive tracers are available for all the alkali metals except lithium; 
those most suitable from the viewpoint of half-life and radiation energy are 
given in Table I. 


TABLE I.- ALKALI METAL ISOTOPES SUITABLE 
FOR USE AS RADIOACTIVE TRACERS 


Mode of Production Half-life | cece naa 


72Na *rie(d,Q) 0- 54 = 28 
(cyclotron) 5 


SN a(n,y) 


(pile) 2°76 
hi a(d,p) 1- 38 
(cyclotron) 


*SRb(n,Y) 195d. | 1682 | 1-08 
(pile) 0-72 
aC pea) 23 y. | 0-66 | 0-561- 
(pile) 0-09 16365 
rece Fission-products Beng 
: - 


Isotopes of all these elements can be produced by (n,y) reactions in a nuclear 
reactor with yields up to tens or hundreds of millicuries per gram of the parent 
element. For sodium and potassium cyclotron-produced isotopes are also 
available and in many cases are more suitable, since higher specific activities 
may be attained by chemical separation, e.g. ZN can be obtained carrier-free 
in quantities up to 5 millicuries by bombarding a magnesium or magnesium 
oxide target and leaching out the activity with warm distilled water; yields of 
0-3=1 microcuries/microamp.hr. are obtained at 8=16 MeV. Similarly, very 
high specific activities of **K are obtained by recoil in cyclotron-irradiations 
of argon gas, 1 millicurie/microamp.hr. being obtained with 40 Mev. a- 
particles; potassium-43 (22-4 h., B 0+25 and 0-8 MevV., Y 0:4 MeV.) is also 
obtained in this reaction. Potassium-42 is also produced by the reaction 
“K(d,p), giving 350-500 microcuries/microamp.hr. with 12 MeV. deuterons; 
the reaction **Ca(d,a) gives a much lower yield but a higher specific activity. 


Refs. p. 2486 2482 


99-1 RADIOACTIVE ISOTOPES IN CHEMICAL STUDIES 2483 


Laboratories possessing small neutron sources can readily prepare tracer 
quantities of **K of high specific activity by either of the reactions **Sc(n,a) 
and **Ca(n,p);* its preparation by the reaction “*K(n,y) is complicated by the 
presence of sodium as impurity, leading to the production of 7*Na also, which 
is difficult to remove from the potassium because of the close similarity-in 
chemical and nuclear properties. Caesium-137 is readily available in fission- 
products, and is separated and marketed in a high degreé of chemical and 
radiochemical purity. The fission yield is high (62%), but dilution with 
inactive ***Cs and ***Cs prevents attainment of the theoretical specific 
activity. It has been estimated that a specific activity of 25 curies/g. of 
caesium sulphate should be attainable,” and such compact sources appear 
promising as radiotherapy. units in the kilocurie range, since the material is 
readily available and the half-life is many times greater than that of °°Co. 
They may also find uses in much larger sources (10°=10" curies) for future 
industrial processes utilizing radiation. °* 


EXCHANGE STUDIES UTILIZING RADIOACTIVE ALKALI METALS 


Because the alkali metals are strongly electropositive and form only ionic 
compounds, there is no possibility of studying simple homogeneous exchange 
reactions in solution for these elements. The one example involving an 
exchange of homogeneous type that has been studied concerns the partially 
associated anions of polyacrylic acid. The original theory, developed* to 
explain quantitatively the changes in pH and equivalent conductivity of poly- 
acrylic acid solutions on dilution, assumed that the current was carried almost 
entirely by H* ions. Subsequent transport measurements on partially neutra- 
lized solutions, employing tracer Nat ion, showed, however, that up to 50% of 
the current could be carried by the polyacrylate ions, and that these were 
partially associated with the cation,® e.g. at 25% neutralization, 25% of the 
cations were associated with the polymeric anion, and 67% at complete neutra- 
lization. Similar results were obtained from measurements of the steady-state 
diffusion of tracer Na* as a function of neutralization.® The bound Nat ions 
can exchange with free Na* ions in solution, and the exchange rate may be 
found from transport measurements; good correlation between experiment and 
theory is obtained if two exchange processes are postulated, one slow and the 
other rapid.” It is suggested that the cations in the outer atmosphere of the 
polymer ion exchange rapidly, while those within the coiled polymeric anion 
exchange much more slowly; the distribution of the cations between these two 
groups has been calculated, although the figures are subject to considerable 
uncertainty. The exchange between ‘bound’ and free cations has been 
followed for both Nat and K+ as a function of the many variables possible in 
this system.” 

The diffusion and migration of cations within cation-exchange resins and 
membranes has also been studied.*°** The similarity between the mechanisms 
of diffusion and of electrical conductivity in the electromigration of Nat ions 
in a Nepton CR-51 cation exchange membrane” parallels the results obtained 
in other cases of solid diffusion described below. A similar agreement 
between conductivities and self-diffusion coefficients has also been found™* 
for Na* ions in keratin; since the observed ionic mobilities are considerably 
less than those for aqueous solutions, the mechanism cannot involve diffusion 
in liquid contained in the pores of the keratin. | 

There has recently been an increased interest in the quantitative aspects 
of ion-exchange in clay minerals, and a thermodynamic treatment of such 
systems has been published.” Exchange experiments have been carried out 
involving the cation-pairs Cst/Ca?+,Cst/Sr7*,Cst/Kt,Cst/Nat,K*t/Nat,Cst/ 
Lit and the clay minerals montmorillonite and attapulgite.*°*? Employing 
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tracer Cst and Na* ions, thermodynamic equilibrium ‘constants have been 
calculated and activity coefficients derived for the component ions on the 
mixed-ion clays; the kinetics of the exchange process have also been studied. 
Tracer Rb*t and Cs* ions have also been employed” to study the uptake of 
ions by paper| and their transportation under an applied potential difference. 
It has been found that Cs* ion is adsorbed by an ion-exchange mechanism, 
presumably involving free carboxyl groups in the cellulose molecule; the 
exchange is strongly pH-dependent,” as would be expected for a weak acid 
exchanger. From the uptake of rubidium it was calculated that in cellulose 
there are 125 glucose units to each carboxyl group,” and the capacity of the 
paper to take up rubidium and caesium decreases as the cation originally on 
the paper: changes from lithium to potassium to hydrogen. Application of 
10 kV. to a stack of papers with rubidium-loaded papers next to the anode, 
followed by counting the activity on the individual papers, showed that about 
30% of the total current was carried by the diffusing ions.” 

It is well known that carrier-free activity is readily absorbed from solution 
on to the walls of glass vessels, and may lead to considerable error in experi- 
ments in which a carrier is not added. Some work has been reported on the 
incorporation of Nat ions into soft glass,?»™* in which two approaches were 
made. Clear glass was suspended in tracer-activei Nat solutions, or alter- 
natively tracer-active glass (prepared by neutron irradiation in the pile) was 
suspended in inactive solutions. A further refinement consisted in sus- 
pending clean glass in a solution containing **Na tracer, followed by washing 
and re-suspension in a solution of 7*Na tracer; this enabled the adsorption and 
desorption to be followed simultaneously, and showed moreover that there was 
a slow net loss of Na* to the solution due to slow dissolution from the glass. 
Glass pretreated with Ba?t, Ht or K* before neutron-irradiation was found to 
lose less Na* ion on leaching with water afterwards, but the figures suggest 
that the depth of surface accessible to ion-exchange is small compared with | 
the amount dissolved. Autoradiographs of a glass treated with tracer-active 
Cs* solution showed an uneven distribution of activity, and uptake was 
inhibited by heating the glass almost to fusion before treatment. Exchange 
experiments in -05 Mesodium carbonate solution showed an initial exchange of 
approximately one half of a monolayer in 2=3 hrs. at 25°C., five monolayers 
exchanging in this time at 90°C.; the relatively rapid initial rate decreased 
fivefold between pH 12 and pH 5. Preliminary flaming cleaned the surface 
better than did washing and degreasing, although the activation energy is 
unchanged (~ 10 kg.-cal.), suggesting that flaming, exposes a greater number 
of the same type of centres. Presoaking with 9N-hydrochloric acid increased 
the activation energy to 135 kg.-cal., indicating greater ease of exchange 
with -Si-ONa than with -Si-OH; this is probably due to the salt of the weak 
acid being more strongly ionized than the parent acid. The adsorbed Nat 
ions were removed by water very slowly at room temperature, and more 
quickly at higher temperatures. 


SELF-DIFFUSION IN AQUEOUS SOLUTIONS 


The self-diffusion of sodium ions in aqueous solutions of sodium halides 
has been measured over a wide range of concentrations (5 x 10°°M. to 5M.) by 
a number of workers, using both capillary cell and sintered diaphragm tech- 
niques. It was found?*® that the latter method gave high values of the 
diffusion coefficient at low concentrations, owing to a surface transport 
process through the fine capillaries of the diaphragm, which limits the con- 
centration range that can be studied: since the results at low concentration 
are important for theoretical purposes this is a serious limitation. In these 
determinations the disagreement between experimental values and those 
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calculated from the Onsager-Fuoss limiting law amounted to several per cent, 
and similar deviations were found for the diffusion of Nat in sodium iodide 
solutions determined by this method.*” Measurements by the capillary tube 
method*»” have shown that at low concentrations (<:04M.) the diffusion of Nat 
in sodium chloride solutions is in agreement with the limiting law, but the 
diffusion of Na* in sodium iodide solutions, although showing the expected 
concentration dependence in very dilute solutions, does in fact give an extra- 
polated value of D, at infinite dilution some 7% higher than the theoretical 
value and in good agreement with Adamson’s figure.*” The coefficient for 
iodide ion at infinite dilution agreed well with the theoretical value. These 
results have recently been critically reviewed by Adamson,*° who presents 
fresh evidence regarding the comparative usefulness of the two experimental 
methods. 


DIFFUSION IN SOLIDS 


In measuring diffusion in solid systems the tracer-active substance is 
held in contact with the substrate, either by deposition on the surface or by 
sandwiching between two plates of the substrate, and maintained at the 
required temperature for a given time. The activity within the substrate is 
then measured as a function of depth, either by counting. on thin sections or by 
dissolving to a given depth, and the diffusion coefficient is then calculated. 

Much work has been done on the diffusion of alkali metal ions in alkali - 
halide crystals; it has been directed chiefly towards a study of the solid 
state, and in particular towards the relation between diffusion and electrical 
conductivity. If these two processes occur by the same mechanism, then by 
the Einstein relationship we should expect to find that V/D = e/kT, where V 
is the ionic mobility under an applied field, D is the diffusion coefficient, and 
the other symbols have their usual meaning. This is found to be true for the 
migration of Nat in sodium chloride and sodium bromide crystals above 
550°,°%3? and for Kt, Rbt, Cs* and Ag* in sodium chloride crystals above 
575°C;**** at lower temperatures a somewhat different relationship holds. 
Measurement of the diffusion coefficients in the latter system over the tempera- 
ture range 600-750° show them to have a common activation energy of ~44 
kg.-cal.mole’*, the absolute value of D at any temperature increasing with 
increasing ionic radius. The increased migration under an applied field has 
been used*® to demonstrate the separation of **Na and **Na in sodium chloride 
and potassium chloride crystals. Thin layers containing both species were 
deposited on single crystals and a field of 10 V. was applied for 20 hours, the 
system being held at 700°C. (NaCl) or 750°C. (KCl). At a depth of 1 mm. the 
enrichment in 77Na was 10=20%, the ratio 7*Na/*Na increasing from 1+2 to 
1+-7=1°8; rather smaller enrichments were found for compressed potassium 
chloride pellets, where there is some non-selective intergranular migration. 
Better enrichments have recently been obtained** by electromigration on paper, 
the ions migrating along a length of paper held under carbon tetrachloride to 
prevent disturbances due to evaporation. The paper was moistened with 0-04% 
sodium chloride solution, and a fiéld of 5000 V. applied across 40 cm., giving 
a current of 1 ma. at 20°C. Under these conditions the ions traversed 280 
cm. in 1% hours, after which the paper was cut into strips for counting. It 
was found that after this time the higher mobility of ?*Na‘ resulted in a varia- 
tion in the ratio 7"Na:“Na from 0+28 to 1:83 over a length of 7 cm. 

Radioactive sodium has also been used to determine rates of diffusion in 
simple glasses such as sodium and potassium silicates and simple soda-lime~ 
silica glasses between 300 and 1100°C.*’ The log D-(1/T) curves show pro- 
nounced inflexions which are interpreted in terms of structural changes and 
alterations in degrees of freedom within the systems on cooling. 
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Self-diffusion of sodium in the solid state has been measured, using two 
cylinders of clean sodium metal, one inactive and the other active, pressure- 
welded together;***° the rate was decreased by hydrostatic pressure, and 
showed no discontinuity on passing through the melting-point. Tracer sodium 
metal for this experiment was prepared** by exchange between solid sodium 
chloride containing **Na and liquid natural sodium, the two being heated over- 
night at 250°, after which the sodium was distilled out. When the ratio 
Na:NaCl ~ 10*:1, practically complete transference of activity from NaCl to 
Na was obtained under these conditions. 


ACTIVITY COEFFICIENTS IN MIXED SOLUTIONS 


The use of radiotracers to determine activity coefficients of minor compo- 
nents in a mixed solution was suggested by Schubert, *? and this technique has 
been employed** to obtain the activity coefficients at effectively zero concen- 
tration of the chlorides of sodium, potassium, rubidium and casium in hydro- 
chloric acid solutions, and of sodium chloride in solutions of lithium and 
potassium chlorides. The distribution of tracer between the solution and 
Dowex-50 resin in ionic form corresponding to one of the components (e.g. in 
the hydrogen form for the MC] + HCl system) was first found for a very dilute 
solution of both electrolytes, and was used to calculate the equilibrium con- 
stant for the system M* + H-resin = Ht + M-resin, assuming that under these 
conditions y,/y, = 1 at constant ionic strength. The distribution was then 
determined under conditions where one component was greatly in excess, e.g. 
with [HCl] = -005 = 1-6 molal and [MCI] = 10° = 10°§ molal. From the distri- 
bution of M between the solution and the resin, using values of yi¢qq1) equal 
to those for pure solutions of HCl at the same concentrations (since the traces 
of MCI will affect y4¢qyc1) only very slightly), values of Yi(ycq) at zero con- 
centration were calculated. In this way it was possible to verify Harned’s 
expression® for the variation in activity coefficient of the minor component 
with concentration, viz.:- 


log Y2 = log Ya(o) = &2i = log Vora) + Az, (1) 


where Y2(0) refers to the pure salt solution at the ionic strength employed, 
Yo(2) to the pure salt solution at zero concentration and the same ionic strength, 
m, is the salt molality, and m, the acid molality, a, being aconstant. This 
expression is complementary to that confirmed canlier by e.m.f. measurements 
for the activity coefficient of hydrogen chloride as trace component in solu- 
tions of alkali chlorides, viz.:- 


log y; = log Yi(oy ~ 217% = log Yo(1) + O17, (2) 


where y is now the HCl activity coefficient and a, a constant. In the present 
work the expression (1) was found to fit satisfactorily the results for sodium 
and potassium chlorides, but those for rubidium chloride and caesium chloride 
show appreciable deviations. 
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SECTION C 
THE NATURAL RADIOACTIVITY OF THE ALKALI METALS 


By G. R. MARTIN 


Introduction 


Following upon the discovery of the phenomenon of radioactivity, a thorough 
search was made for similar manifestations in elements other than uranium. 
Thorium was soon shown to exhibit a similar behaviour, and, amongst the 
lighter elements, potassium and rubidium also.’* That the comparatively 
small effects with these two elements should have been detected at all at that 
time is a tribute to the care with which the search must have been made and, 
although other naturally radioactive light elements are now known, potassium. 
and rubidium are still much the most significant among them. That the ob- 
served activities were indeed associated with these two elements, and not 
with some heavy-element impurity, was shown by the fact that salts of these 
elements of differing origins and dates of preparation gave the same activity 
per gram of the respective element, and also by the absence of any change in 
specific activity during fractional crystallisation and similar processes.’*?° 

Of the other alkali metals, francium (which occurs in nature as a 1% 
branch of the actinium disintegration series) is dealt with elsewhere (see 
page 2506); sodium and lithium have no isotopes of half-life long enough to 
have geological significance; and caesium (investigated rather carefully on 
account of.its position between. the naturally. radioactive. potassium and 
rubidium on the one side and francium, with no stable isotopes, on the other) 
has been shown to be quite inactive by means of photographic plate studies, 
by demonstrating the isotopic normality of neighbouring elements extracted 
_ from caesium minerals, and in other ways.*'?*3 

The radioactivities of potassium and rubidium are of significance from 
several points of view: potassium especially is widely distributed in nature 
in both organic and mineral matter, with consequences which will be dis- 
cussed in detail below. The natural activity of these elements can also 
provide a quick and convenient method of quantitative analysis under suitable 
conditions... General :a¢counts -have been given of the significance of the 
radioactivity of potassium and rubidium.**** 


The radioactive constants of potassium 


(a) Mass Assignment. 

Only two isotopes of potassium are readily discernible in the mass spec- 
trum of the natural element - those of masses 39 and 41 - and the assignment 
‘of the observed f-activity of the element to one or both of these isotopes (or 
to a third then unknown) occasioned much discussion and speculation.’”™ 
By ‘ideal distillation’ Hevesy**”’ achieved a partial separation of the potas- 
sium isotopes, and a sample with apparent atomic weight 0:°005 units greater 
than normal was found by Biltz and Zeigert?® to show a specific activity 4% 
higher, a result which suggested that the isotope of mass 41 was responsible. 
Later work?*** showed that the increase in activity was only about one half 
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of the relative increase in abundance of this isotope, pointing to an assign- 
ment to mass 40; furthermore, *‘Ca was not found in calcium extracted from 
potassium minerals.*#** Potassium-40 was detected by Nier** who estimated 
its abundance as 1 part in 8600 of the common isotope *°K. Various other 
estimates of this ratio have been made*»*® the most recent determinations 
giving values of 0°00119%*” and 0:01174%***° for the abundance of *°K in natural 
potassium. The natural variations in the potassium isotope abundances have 
been investigated***? but these do not seem to be important. This assign- 
ment has been finally confirmed by the examination of the activity of mass- 
spectrographically separated samples;** milligram amounts of *°K have been 
separated by this method and used for various studies.**** 


(b) Half-life of Potassium-40. 

The half-life of a naturally-occurring primary radioactive material (i.e. 
one which is not being regenerated by the decay of a longer-lived parent sub- 
stance) is inevitably too long for measurement by a direct study of the decrease 
in activity of a sample with time. In cases such as this, two techniques are 
available: 

(i) determination of the disintegration constant by measurement of the 
number of disintegrations occurring in unit time in a sample containing a known 
number of atoms, or 

(ii) the use of indirect information from geological sources to give esti- 
mates of the rate of decay. 

Both these methods have been used. 

The potassium case is complicated by the fact that both the adjacent 
isobars of “°K, *°A and *°Ca, are stable. Decay to form either product is 
therefore possibie in principle, and, in fact *°K does decay by two alternative 
routes: by {-particle (negative electron) emission to give *°Ca*® and by elec- 
tron capture to give *°A.**® Positron emission, although energetically pos- 
sible, is not observed,***? a limit of 0°002% of the disintegrations having been 
set for this mode of decay.** ‘ Coincidence studies™ have shown conclusively 
that the y-radiation from potassium is associated entirely with the electron- 
capture mode of decay, so that the decay scheme can be represented: 


{724° 10’. 


1:34 Mev. 


ae 40 K ea 


FIG. 1. DECAY SCHEME FOR *°K 


The absolute counting of f-particles emitted from a known weight of 
potassium when combined with the measured abundance of *°K gives a value 
for XQ, the disintegration constant for the B-particle emission mode of decay. 
The specific activity of natural potassium is low (especially in view of the 
low abundance of *°K) and the measurement is not easy: a ‘thin’ source gives 
an activity low compared to the natural background effect of the counter, 
whilst a ‘thick’ source involves the rather difficult assessment of the cor- 
rection for particles absorbed or scattered within the source material. There 
is now, as can be seen from Table I, substantial agreement on the value to be 
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taken for the specific B-activity of *°K, and it seems reasonable to adopt a 
value of 29°0 disintegrations per second per g. of natural potassium, corres- 
ponding to a disintegration constant A of 5°00 x 10**yr". (cf. ref. 55). 


TABLE I.- SPECIFIC B-ACTIVITY OF NATURAL POTASSIUM 


Bises.Tek. Method 


Houtermans, Haxel 47 counter 


and Heintze 
Good KI (Tl) 
Scintillator 
McNair, Glover Comparison 
and Wilson with **Na 
Sawyer and 47 counter 
Wiedenbeck 
Kono KI (Tl) 
Scintillator 
Suttle and Libby K salts 
counted in 
screen-wall 


counter 


Other values are givenin references 11, 48 and 64-77. 
For an estimate of the half-life it is necessary to know also ARG, since 


0°693 = Motal=AB t+ AEC 
Cos 


This quantity is far more difficult to measure - experimental values of the 
ratio AEC/AB determined during the past ten years have ranged from 3°0 to 
0°02 - and it can, of course, have a profound effect on the calculated value 
of t);. The electron-capture process is itself detectable only through the 
consequent re-arrangement of the extra-nuclear structure of the resulting 
argon atom, which occurs mainly by the emission of very soft Auger electrons, 
and measurements of Apo have mostly been made by indirect means. Coin- 
cidence experiments have given results consistent with an electron-capture: 
gamma ray emission ratio of unity (thus eliminating the possibility that a 
significant fraction of the electron capture decays proceeds directly to the 
ground state of *°A, without emission of a y-ray quantum).°*’*** It can thus 
be assumed that Afwo= X,, and the simpler measurement of y-ray intensity 
replaces the much more difficult measurement of electron-capture frequency. 
The alternative approach is to measure the *°A accumulated in a mineral which 
can be ‘dated’ by some reliable alternative method. Recent measurements 
by both techniques seem to group rather closely around a value of Ago of 
6°15 x 10%yr.“ (equivalent to a ratio Apc /Ag of 0°123), as Table II shows, 
but earlier values were strikingly discordant. 

Combining these two quantities, we find Aotay = 5°60 x 10°°yr.?, corres- 
ponding to a half-life of 1°24 x 10° years. At the present time natural potas- 
sium is thus producing argon at the rate of 4925 x 107c.c.STP/g./yr. Gen- 
eral discussions of the problems of determination of the half-life of *°K will 
be found in various review articles.1°°""* 


(c) Properties of Radiations From “°K. 

Although some of the earlier measurements suggested the 
presence of two B-ray groups, the absence of B-y coincidences has now been 
demonstrated™ and the simpler decay scheme of Fig. 1 is now known to be an 
adequate representation. The §-particle energy distribution®»®»*»'***%* shows 
an end-point at 1°34MeV., its third-forbidden shape being consistent with a 


11,21,66-70,112-117 
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TABLE II.- THE ELECTRON-CAPTURE BRANCHING RATIO OF “°K 


AEC/) Q | Year Authors Method 


Oe 115 1950 | Houtermans, Haxel comparison 
and Heintze 
Wetherill et al. 
Backenstoss and 
and Goebel 
Gerling, Titov 
and Ermolin 
McNair, Glover 


A/K ratio 
y/B comparison 


A/K ratio 


y/B ratio 


and Wilson 

Sawyer and y/B ratio 
Wiedenbeck 

Burch y/B ratio 


Inghram, Brown, 
Patterson and 
Hess 

Graf 

Sailor, Floyd and 
Borst 

Wasserburg and 

Hayden 


A/K; A/Ca ratios 


y/B ratio 
X-ray/B ratio 


A/K ratio 


Other values are quoted in references 47,48,66-68, 70-72, 74,82 and 93-107. 


spin change of 4 units.°%'?%!?2132436 The de-excitation of the *°A nucleus 
formed by orbital electron capture proceeds by the emission of a single y-ray 
quantum of energy 1°46 Me V.495%53:5415 8917412413745 With a delay which is prob- 
ably very short indeed, and is certainly less than 1 second.** No evidence 
has been found for the emission of a-particles from potassium.'»**® These 
interpretations are consistent with mass spectrometric values for the masses 
of the nuclei concerned.'*”"*° 


Radioactive constants for rubidium 


(a) Mass Assignment. 

it was tempting, by analogy with potassium, to assign the natural radio- 
activity of rubidium to a hypothetical isotope of very low abundance of mass 
86 - intermediate between the known isotopes 85 and 87'%74?%74132s49 _ but this 
has been demonstrated not to be the case. Hahn, Strassmann and Walling’*° 
and Mattauch’** examined the isotopic composition of strontium isolated from 
a rubidium-rich (2-3%) lithium mica from. Manitoba, and showed it to be almost 
pure (99°7%) ®’Sr, in contrast to ‘normal’ strontium which contains only 7°02% 
of *’Sr. Hemmendinger and Smythe’*? have also shown (by examination of 
mass-spectrographicaily separated samples) that *’Rb is the only signifi- 
cantly active isotope of the element. The natural abundance of *’Rb is 


27°85%, 159455 


(b) Half-life of *’Rb. 

Many determinations of the half-life of °’Rb have been reported, based 
either on a determination of the absolute specific activity of the element 
(yielding, with the measured isotopic abundance of ®’Rb, a value for the dis- 
integration constant, and thence of the half-life)***°*”° or on the examination 
of ®’Rb/*’Srratios in oldminerals which can be dated from other evidence.*”**”* 
There is now substantial agreement between the two methods, and a value of 
5°0 x 10'°yr. for the half-life would seem a reasonable one to take. 
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The agreement between the two methods (one giving AB and the other 
total) would appear to dispose of the suggestion’”**”* that an alternative mode 
of decay - bound beta-disintegration (the inverse of the well-known electron 
capture process) - was occurring, undetected in the counting experiments 
since no particle is emitted, but contributing, of course, to the rate of forma- 
tion of °’Sr measured in the geological experiments. The measurements of the 
*7Rb half-life are summarised in Table III. The higher values obtained by 
the earlier counting experiments almost certainly reflect an inadequate allow- 
ance for absorption and scattering of the lower-energy /-particles. 


TABLE III.- SELECTED RECENT VALUES FOR THE HALF-LIFE OF *’Rb 


Half-life Authors 
ears 


403 x 10°° | 27 counter | Geese-Bahnisch and 
Huster 

406 x 10°° | Geol. Fritze and Strassman 
(cf. A/K 
age) 

5°0 x 10°° | Geol. Aldrich, Wetherill, 
(cf. Ph/U Tilton and Davis 
age) 

5e1 x 10° | Cylindrical | Libby 
G.M. count- 
er 

5°8 x 10° | G.M. count- | Eklund 
er 

5°99 x 10° | RbI scin- | Lewis 
tillator 


Other results are quoted in references 8, 156,157, 159-161, 163, 165, 166, 168-170. 


(c) Properties of Radiations from *’Rb. 

No y-radiation is emitted in the decay of *’Rb'***®* and the decay scheme 
must therefore be the simple one shown in Fig. 2. Estimates of the maxi- 
mum beta-particle energy have been made by various workers?6***7737s265:26%179283 
but recent measurements suggest that the maximum energy is 0°275 MevV.*°* 1691" 


510x101 Oays 


0°275 Mev. 


°7Rb or 


FIG. 2, DECAY SCHEME FOR ®’Rb 


The distribution in energy of the emitted particles has been measured by 
means of a proportional counter spectrometer,’* by a photographic plate 
technique,** by a magnetic lens spectrometer’®* and by means of a thallium- 
activated rubidium iodide crystal in a scintillation spectrometer.*®* There 
is substantial agreement about the shape of the energy spectrum, which ap- 
pears to have a third-forbidden shape.*©°"'°!#418° Apparent electron-§-particle 
coincidences**”*”°*7° are now thought to arise from the scattering of 8-particles 
from the source or its support, and not to be indicative of a strongly internally- 
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converted y-ray.*6%*% 


Analytical application of natural radioactivity of potassium 


In the absence of other significantly radioactive substances, the natural 
radioactivity of potassium provides a quick and convenient technique for its 
determination. The low specific activity of the natural element renders this 
method unsuitable for very low concentrations but, especially in the region of 
a few per cent, the method works well. This technique has been applied to 
process control in the synthetic fertiliser industry, where speed in obtaining 
the results enables the proportions of feed materials to be adjusted before 
large quantities of incorrectly balanced product have been produced. 

The finely ground sample can be placed in the annular space surrounding 
a thin-walled Geiger-Muller counter without further treatment, and the observed 
activity related to that of standards containing known concentrations of potas- 
sium. It is implicit in this procedure that standard and unknown samples 
have the same f-particle stopping power, or that correction has been made 
for such variations as exist. Correction must also be made for uranium and 
thorium products present in the phosphate component of fertiliser mixtures.**”?" 
Conversely, of course, the y-radiation from substantial potassium deposits 
can interfere with prospecting for uranium and thorium minerals by radiological 
methods.” 

A large annular counter can also be used, in the absence of other y-emit- 
ters, to determine the total potassium body burden of human subjects.?°?% 
The natural radioactivity of potassium has been found inadequate to give 
good autoradiographs.” 


Biological significance of the natural radioactivity of potassium 


It seems to be well established that plant and animal systems do not sig- 
nificantly change the isotope ratios in potassium.*°°*° Equally, there seems 
to be no support for the supposition that the radioactivity of the element plays 
some essential role in the natural function of potassium in biological proces- 
ses: the concentration of *°K appears, for example, to be without significant 
effect on the rate of growth of Aspergillus niger, which depends rather on the 
total potassium concentration.”*74* Potassium does, of course, make its 
contribution to the natural radiation to which living material is exposed, but 
there is no reason to think that, even in earlier times when the *°K abundance 
was greater, it had any pronounced biological effect. 


Geothermal significance of natural radioactivity of the alkali metals 


The present-day rate of energy release from potassium is 27 x 10°g.-cal./ 
g./yr., and from rubidium 36 x 10°%g.-cal./g./yr.7*°7** The chemical simil- 
arity between the two elements ensures that their geological distributions are 
rather similar and, since the natural abundance of rubidium is so much less 
than that of potassium (approximately 1/100th)?*’ it is permissible virtually 
to ignore the contribution of rubidium to the radioactive heat production in the 
earth. 

The geothermal history of the earth has, of course, been partly governed 
by the rate of radioactive energy release during geological time, and this will 
have been greater in the past than it is at present on account of the expon- 
ential decrease with time of the amounts of radioactive substances. The 
true value of the half-life of *°K is thus of some importance in this connection, 
and some af the larger values ascribed at one time to Ago would have led to 
half-lives so short that the rate of energy release in the past would have been 
very difficult to reconcile with geological evidence. With the currently ac- 
cepted value of Apo (leading to a half-life of 1°24 x 10° years) this difficulty 
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largely disappears. 

Geothermal measurements show that the earth is at present losing heat at 
the rate of about 1-2 x 10%g.-cal./cm.?/sec. The thermal diffusivity of the 
earth is thought to be so low that very little of the heat generated below a 
depth of about 400 miles will have reached the surface by conduction through 
the solid even in a time of the order of several thousand million years. One 
can then set an upper limit to the average potassium content of the earth’s 
mantle, in terms of the rate of production of heat (ignoring the contributions 
from the natural uranium and thorium series) and the observed present rate of 
loss of heat. A value of 0°37% K is thus obtained?*® but this must certainly be 
too great, for the integrated heat retention would be some three times greater 
than the heat of fusion of the rocks of which the mantle is thought to be com- 
posed, and fusion would be followed by convective heat transport, which would 
be considerably more efficient than conduction through the unmelted solid. 
Assuming a uniform distribution of potassium, an acceptable upper limit 
would be more like 0°13%; the abundance of potassium in typical crustal 
rocks is, of course, substantially greater than this (e.g. granite about 3%; 
basalts about 1%) so that the mantle must be composed of rocks substantially 
poorer in order to maintain this average value. 

The argon of the atmosphere is commonly regarded as being almost entire- 
ly of radiogenic origin: itsisotopic composition is unusual (cf. the potassium- 
argon atomic weight ancmaly) and its global abundance is out of line with 
those of the neighbouring noble gases, neon and krypton, which have no 
radioactive progenitors. A lower limit to the mean potassium content of the 
mantle can be setby assuming that the whole of the argon produced in it during 
the past, say, 4 x 10° years had escaped into the atmosphere. A minimum of 
0°:014% potassium would be required to produce this situation; and if some 
had been retained (as must certainly be the case) a correspondingly higher 
concentration would have been required.'” 

These values may be compared with the estimates of the average potas- 
sium content of stony meteorites, commonly regarded as being typical of the 
undifferentiated silicate phase of the primitive earth. Older values for potas- 
sium in stony meteorites were almost certainly too high, and recent values 
seem to point to an average of about 0°1%, not at all inconsistent with the 
foregoing estimate.”!° 

The geothermal significance of the radioactivity of potassium has also 
been discussed elsewhere.??°?”® 


The radioactivity of potassium in geochronology 


The natural radioactivity of potassium opens up the possibility of ‘dating’ 
geological specimens by techniques analogous to the well-known uranium-lead 
and thorium-lead methods, with the added advantage provided by the ubiqui- 
tous nature of potassium .44%6%98107:108229°232 

The branched decay of potassium gives two possibilities: measurement 
of *°K /*°Ca and of *°K /*°A ratios. The former has been proposed by Ahrens?** 
but suffers from the serious limitation that, on account of the high abundance 
of *°Ca in ‘primordial’ calcium, the method could only be applied to essen- 
tially calcium-free potassium minerals. Such materials are rare, and almost 
all the experimental work on the dating of potassium-bearing rocks has been 
done by the examination of potassium/argon ratios. Even in this case, sev- 
eral difficulties arise: 

(1) *°A is by far the most.abundant isotope in present-day argon,*” so it is 
necessary to prevent contamination by atmospheric argon and to eliminate 
(or allow for) the possible presence of ‘primordial’ argon in the sample. 

(2) Argon can diffuse from some samples at a rate which may be significant 
on a geological time-scale. 


vi 
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(3) The total disintegration constant for *°K, and the branching ratio for the 
electron-capture mode of decay must be known accurately: until quite recent- 
ly this has been a serious limitation. 

On the other hand, the extraction and measurement of a small quantity of 
a gaseous daughter product (argon) is rather easier .than the analogous opera- 
tion with a non-volatile daughter substance (calcium). With the addition of 
isotopic dilution techniques it has become possible to measure very small 
quantities of gas, and the potassium/argon technique shows considerable 
promise in regard to quite recent sedimentary rocks. 

It is generally considered essential to check mass-spectrometrically the 
isotopic purity of the argon extracted, to guard against atmospheric contamina- 
tion. Argon is usually extracted from samples by vacuum fusion with a well- 
degassed flux. The gases thus released are purified and the argon measured 
gas-volumetrically, followed by mass-spectrometric examination for *°A and 
*°A (indicative of atmospheric contamination, or of the presence of primor- 
dial argon). Alternatively a ‘spike’ of **A (produced, essentially isotopically 
pure, by neutron irradiation of sodium chloride, through the sequence 


7Cl(n,y*C1 B-.*A) 


is added before the fusion and the *°A content of the sample deduced from the 
known amount of *°A added and the mass-spectrometrically measured *°A/**A 
ratio; in this case the gas-volumetric measurement of the extracted gas is 
unnecessary, and, indeed, the only quantitative step essential to the process 
is the initial mixing of the added ‘spike’ with the radiogenic argon of the 
sample. The presence of *°A is taken as indicative of contamination by 
contemporary or primordial argon. An analogous method based upon the other 
stable argon isotope (*°A) as a tracer has also been used, and the behaviour 
of these very small quantities of argon in a vacuum system has been checked 
by means of the radioactive *”A used as a tracer.?**)?* 

A technique potentially useful where only very small quantities are avail- 
able is the neutron activation analysis procedure applied to the argon (through 
the 109min. *4A produced by the (n,y) reaction in *°A). This, of course, 
provides no check on contamination by contemporary or primordial argon. 
It is unfortunate that this procedure cannot, in this instance, be applied to 
the unseparated material: if a potassium bearing material is irradiated with 
neutrons the reaction **K(n,p)**A produces the same product nucleus in quan- 
tities likely far to outweigh the product from the radiogenic argon in the 
specimen. ?*%?9” 

Correction tor the presence of non-radiogenic argon must be made with 

some caution, for two reasons: 
_ (1) The isotopic composition of primordial argon dissolved or otherwise 
trapped in the solidifying rock is not known with any great accuracy. The 
494 abundance in the atmospheric argon of earlier times will have been lower 
than at present (since more *°A has since been added to the atmospheric 
reservoir through the decay of potassium); on the other hand, the rock may 
well have solidified in an environment rich in radiogenic argon, and thus 
have occluded ‘inherited argon’ derived from an earlier rock undergoing meta- 
morphosis. It is known, for example, that the *°A/**A ratio in natural gases 
from fumaroles and soffioni is higher than in atmospheric argon;***”*? there 
is also evidence to suggest that a few minerals (beryl, for example) may be 
able to occlude quite large amounts of argon in the same way that helium is 
taken up by them.””° 

(2) There exists the possibility that **A and/or **A may have appeared as 
products of some unsuspected nuclear reaction. Iron meteorites, for exam- 
ple, show a **A/**A ratio of 1°7 (compared with the ratio 0°19 in atmospheric 
argon), these nuclides presumably arising (along with *°A) as products of 
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spallation reactions induced in iron by cosmic ray particles,“*** 8A is 


also found in uranium and thorium minerals, presumably as the end product 
of a nuclear reaction either induced directly by alpha-particles, or arising 
as a secondary product of alpha-particle produced neutrons. An alternative 
suggestion is that *°A is the decay product of a hitherto-unknowm long-lived 
isomeric state of **K, since the **A contents of samples analysed by Gerling 
et al. appeared to be proportional to the potassium content, and to increase 
in an appropriate manner with the age of the sample; there is at present no 
confirmation of this suggestion.*****? It would thus seem prudent to view with 
some suspicion any age determinations which have involved substantial cor- 
rections for argon not immediately derived from the decay of the *°K content 
of the specimen. 

The question of possible loss of argon from samples by diffusion also 
needs careful consideration. There is now a substantial body of data obtain- 
ed from co-genetic pairs of samples, in which dating has been effected by the 
potassium/argon technique standardised by some alternative method (usually 
‘concordant’ uranium/lead measurements, or rubidium/strontium estimations). 
It seems not unusual for feldspathic materials to give ages which are fairly 
consistently about 30% too low; some feldspars, indeed, show a significant 
rate of loss of argon after crushing preparatory to analysis. On the other 
hand, micas seem much more satisfactory, giving potassium/argon ages in 
quite good agreement with those obtained by the uranium/lead or rubidium/ 
strontium methods on co-genetic materials. °29797%10%23%25°265 Much work of a 
related nature has been done by Gentner and his collaborators, and others, 
on sedimentary rocks. Potassium is a common constituent of these deposits, 
and the sensitivity of the method offers considerable promise of an absolute 
dating technique which could be applied to fossiliferous materials, providing 
an unequivocal inter-relation between the radioactive dating methods and the 
conventional geological approach. It is especially important for this purpose 
to ensure that there is no ‘inheritance’ of argon from detrital grains incor- 
porated in the sediment, since these would contain argon appropriate to their 
original date of crystallization rather than to the date of formation of the sedi- 
ment. Sylvite is an obvious possibility, containing a high concentration of 
potassium and having crystallized from an aqueous solution which may be 
presumed to have been in equilibrium with the atmosphere. Unfortunately, 
the investigations of Gentner and others have shown that argon can diffuse 
at a significant rate in sylvite - coarser grained material is richer in argon 
than the finer grained samples of similar age - and a diffusion coefficient 
D = (1¢5.41) x 10°°cm.?sec.? has been estimated for argon in this material at 
40°C. Glauconite has more recently been proposed as a material suitable 
for the potassium-argon dating of sedimentary deposits. Glauconite is a 
potassium-bearing silicate common in sedimentary rocks and it is thought to 
be formed, in general, within a relatively short time of the formation of the 
sediment itself. It has a relatively large grain size; being ferruginous, it is 
easily separated from the remainder of the deposit by magnetic separation of 
the crushed rock; and its mica-like structure-augurs well for its argon reten- 
tivity. Provided the necessary geological safeguards are observed, the 
potassium-argon. method has adequate sensitivity for the dating of deposits 
of only a few million years age.7°76°?7? 

The application of this technique is by no means limited to terrestrial 
materials. Several determinations have been made on samples of stony met- 
eorites, although the potassium content is'usually small enough to call for 
some care in the determination; in particular, the low argon/potassium ratio 
characteristic of the tektites has been taken as an indication of the compara- 
tively recent origin of these bodies.*°%?°%?7°?7° In addition to the papers 
cited specifically in the foregoing account, there are many other accounts 
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of experimental techniques and of the results obtained with them; it should, 
however, be borne in mind that some of this work was carried out before the 
disintegration constants of potassium were accurately determined, and that 
the results may need re-calculation in the light of more modern informa- 
tion 88194-9651 00,163,261, 271,278,280-303 

In addition to the procedures outlined above, in which one attempts to 
‘date’ specific geological samples in terms of the argon which has accumula- 
ted since the last occasion on which gases could have escaped from the 
specimen (fixing, in general, the date of solidification from a melt or a solu- 
tion), various authors have attempted the converse type of calculation. It is 
clear from the low abundance of all the noble gases relative to the neigh- 
bouring elements that the earth’s primordial stocks of these elements were 
largely lost at an early stage in its development. The relatively smaller 
depletion of argon, and its rather unusual isotopic composition, have led to 
the assumption that virtually all the argon in the atmosphere is of radiogenic 
origin, and some conclusions can then be reached about the time needed for 
its accumulation. 

It seems fairly certain that the potassium content of the earth’s crust is 
too low to account for the total argon content of the atmosphere and, if solidi- 
fication of the crust effectively sealed off the argon being produced in the 
mantle, it would be necessary to assume that the surface of the earth had 
remained fluid for at least several hundred million years after escape of argon 
had effectively ceased. Unfortunately, the total quantity of potassium con- 
tributing to the atmosphere-forming process is not at all clearly defined, and 
such calculations as these can be expected to give values which are at best 
only plausible. In some cases, the calculations have been based on data 
now known to be in error. On the assumption that water vapour would have 
escaped from the primordial earth along with the noble gases, Kulp has shown 
that the subsequent escape of water from the interior of the earth on a basis 
analogous to that for argon would provide sufficient to account for the present 
extent of the hydrosphere.*01*47 904-315 

On a more certain basis is the work on the isotopic composition of met- 
eoritic potassium, which has shown that the specific activity of this element 
extracted from stony meteorites is the same, within experimental error, as 
that of terrestrial potassium. It follows that potassium from these two sources 
is all derived from the same ‘creation’ or, if not, that the two processes were 
so related as to make the present-day abundances just the same - a most 
unlikely circumstance.*'©**® Houtermans and Jordan*’® have suggested that 
the argon/potassium ratio in old minerals might provide a suitable system 
for a test of the theory of Dirac and Jordan which would call for a systematic 
variation in the ratio of K-capture to B-emission probabilities with time; it 
seems unlikely at present that it would be possible to eliminate all other 
sources of variability with a sufficient degree of certainty to make this a re- 
liable test. 


The radioactivity of rubidium in geochronology 


Although rubidium is of much less common occurrence than potassium, 
the dating technique based on the measurement of *’Sr/*’Rb ratios shows con- 
siderable promise, especially (in view of the long half-life of *’Rb) in rela- 
tion to the older rocks. As compared with the other methods, the following 
advantages may be mentioned: 

(1) No gases are involved in the decay process, so that loss of daughter 
products through gaseous diffusion does not occur (cf. the potassium/argon 
method where the daughter product is itself gaseous, and the methods in- 
volving uranium or thorium decay, which depend to a greater or lesser extent 
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on retention of the radon members of the decay chain). 
(2) The commoner rubidium-bearing rocks are not notably rich in primordial 
strontium, and °*’Sr is, in any case, a relatively rare constituent of common 
strontium (7°02% abundance). Correction for primordial strontium contamina- 
tion can therefore be made with fair confidence (cf. *°A and *°Ca, which 
are by far the most abundant isotopes of their respective elements; and the 
lead isotope ratios which show a disconcerting variability in common lead). 

Early measurements based on chemical or spectrographic analyses for 
rubidium and strontium (without mass-spectrometric examination) were of 
necessity limited to the few minerals (especially lepidolites) relatively rich 
in rubidium and low in primordial strontium (absence of calcium is indicative 
of this), in which it was reasonable to assume that the strontium was pre- 
ponderantly of radiogenic origin.®**°**’ Since about 1950, mass spectromet- 
ric techniques have been increasingly applied, with two immediate advan- 
tages: the greater sensitivity of the isotopic dilution technique removes the 
requirement for high rubidium content, and makes it possible to examine 
minerals (e.g. biotites) of far commoner occurrence; and the measurement of 
three stable strontium isotopes makes possible a reasonably accurate cor- 
rection for primordial strontium contamination, so that the technique is no 
longer limited to minerals essentially free from common strontium. In addi- 
tion to the stable isotope dilution technique, neutron activation analysis has 
recently been applied to the estimation of trace quantities of rubidium in 
rocks; analyses can now be carried out on biotite samples as small as 100 
mg.°2°333 

The correction for the presence of primordial *’Sr is commonly made by 
reference to the **Sr content of the sample, and therefore rests on the con- 
stancy of the ratio °’Sr/**Sr in the primordial element. Variations of up to 
5% have been found in the *°Sr/**Sr ratio, and, on general grounds, it would 
be expected that the variation in the *’Sr/**Sr ratio would be only half as 
_great. In general, the error introduced by this assumption is not thought to 
be great, although care must obviously be taken if the primordial strontium 
content is Significant compared to the radiogenic material as, unfortunately, 
tends to be the case with the fairly widely distributed (and therefore poten- 
tially most useful) biotites.*****° 

The rubidium/strontium method shows a tendency to give ‘ages’ somewhat 
higher than those obtained by other techniques. This may simply imply that 
the halt-life for “Rb at present accepted is too long (the abnormally high pro- 
portion of low energy B- -particles in the *’Rb decay makes absolute counting 
unusually difficult), or it may be that both the potassium/argon and the lead 
methods are more subject to diffusion errors so that the higher ages may, in 
fact, be correct. Another factor which must be borne in mind is that re- 
melting (or re-crystallisation) of a potassium mineral almost certainly in- 
volves loss of the accumulated argon, whereas the same is not necessarily 
true of a similar process with a rubidium-bearing mineral, where some or all 
of the previously accumulated strontium may well be retained on re-solidifica- 
tion. It should be noted that some of the ages quoted, especially in the 
earlier literature, may need re-calculation in the light of more recent values 
of the disintegration constants. In addition to the references quoted above, 
a number of other publications?’ *75%76?76278.302303,339-354 Give seological ages 
obtained by this method, and details of experimental techniques employed. 

The rubidium/strontium decay can also, in principle, be used in an in- 
verse sense for dating marine sediments. Since the *’Sr/**Sr ratio in common 
strontium should be increasing as *’Rb decays, a deposit free from rubidium 
(limestone and anhydrite both contain very little) should show a *’Sr/**Sr 
ratio characteristic of its date of deposition. Little work along these lines 
seems yet to have been done.*°%39%394357 


Refs. p. 2499 


100-1 NATURAL RADIOACTIVITY OF POTASSIUM AND RUBIDIUM 2499 


References 


1 Campbell, N.R.& Wood, A., Proc. Camb. Phil. Soc.,. 1906, 14, 15. 
Campbell, N.R., Proc. Camb. Phil. Soc., 1907,14,211. 
Campbell, N.R., Proc. Camb. Phil. Soc., 1908,14,557. 
Campbell, N.R., Nature, 1908,78,55. 
2 Thomson, J. J., Phil. Mag., 1905,10,584. 
3 Levin, M.& Ruer, R., Phys. Z., 1908,9, 248. 
Elster, J. & Geitel, H., Phys. Z., 1910,11, 275. 
4 McLennan, J.C. &Kennedy, W. T., Phil. Mag., 1908,16,377; Phys. Z., 
1908,9,510; Nature, 1908,78, 29. 
5 Pahl, M. & Hosemann, R., Naturwiss., 1935,23,318. (29, 5738) 
6 Henriot, E., Le Radium, 1910,7, 40. 
Henriot, E., Compt. rend., 1910,150, 1750. 
Henriot, E., Le Radium, 1910,7, 169. 


7 Hoffmann, G., Z. f. Phys., 1924,25, 177. (18, 3001) 
Hoffmann, G., Phys. Z., 1923,24,475. (18, 937) 
8 Hahn, O. & Rothenbach, M., Phys. Z., 1919,20,194. (14, 1630) 


9 Biltz, W. & Marcus, E., Z. anorg. Chem., 1913,81,369. 
10 Neuberger, M.C., Samml. Chem. Vortr., 1922,26, 229. 


1] Orban, G., Sitz. Akad. Wiss. Wien, Abt. Ila., 1931,140, 121. (25, 5618) 
12 Bestenreiner, F'. & Broda, E., Nature, 1949,164,919. (44, 2859) 
Wahl, W., Soc. Sci. Fenn., Comm. Phys.-Math., 1940,10,No. 18, 1. (37, 1926) 
13 Hahn, O., Strassmann, F., Mattauch, J. & Ewald, H., Naturwiss., 1942,30,541. 
(37, 2654) 
14 Weaver, B.S., U.S. Atomic Energy Comm. document AECU—227, 13pp., 1948. 
15 Birch, F., Phys. Rev., 1947,72, 1128. (42, 1814) 


16 Proc. Second Conf. on Nuclear Processes in Geologic Settings, National 
Research Council Nuclear Science Series, Report No. 19, 209pp., 1956. 


17 Holmes, A. & Lawson, R.W., Phil. Mag., 1926,2,1218. (21, 1056) 
18 Bainbridge, K.T., J. Franklin Inst., 1931,212,317. (25, 5837) 
19 Walke, H.J., Nature, 1935, 136,755. (30, 954) 
20 Newman, F.H.& Walke, H.J., Nature, 1935,135, 98. (29, 2439) 
21 Newman, F.H. & Walke, H.J., Phil. Mag., 1935,19, 767. (29, 5738) 
22 v. Hevesy, G., Naturwiss., 1935,23, 583. (30, 677) 
23 Sitte, K., Nature, 1935,136,334. (29, 7795) 
24 Sitte, K., Z. f. Phys., 1935,96,593. (29, 7795) 
25 v. Hevesy, G., Nature, 1927,120,838. (22.120) 
26 v. Hevesy, G. & Légstrup, M., Z. anorg. Chem., 1928,171, 1. (22, 4356) 
27 v. Hevesy, G., Seith, W.& Pahl, M., Z. Phys. Chem., Bodenstein Festschrift, 
1931,p.309. (25, 5618) 
28 Biltz, M. & Ziegert, H., Phys. Z., 1928,29, 197. (22, 2106) 
29 v. Hevesy, G., Acta Chem. Scand., 1949,3,1263. (44, 6287) 
30 v. Hevesy, G., Nature, 1935,135,96. (29, 2439) 
31 Baxter, G.P.& Alter, C.M., J.A.C.S., 1933,55, 3270. (27, 4451) 
32 v. Hevesy, G., Pahl, M.& Hosemann, R., Nature, 1934,134,377. (28, 7149) 
33 Aston, F.W., Nature, 1934,133,869. (28, 5327) 
34 Nier, A.O., Phys. Rev., 1935,48, 283. (29, 6501) 
35 Brewer, A.K., Phys. Rev., 1935,48, 640. (29, 7793) 
36 Hibbs, R. F. & Redmond, J. W., U.S. Atomic Energy Comm. document No. Y—290, 
37 Nier, A.O., Phys. Rev., 1950,77, 789. (44, 6283) 
38 White, F.A., Collins, T. LL. & Rourke, F.M., Phys. Rev., 1956,101,1786. (50,9901) 
39 Reutersward, C., Arkiv Fis., 1952,4, 203. (46, 4920) 
40 Reutersward, C., Arkiv Fis., 1956,11,1. (50, 14403) 
41 Brewer, A.K., J.A.C.S., 1936,58,365. (30, 2435) 
42 Brewer, A.k., Phys. Rev., 1939,55, 669. (33, 4123) 
Brewer, A.K., J.A.C.S., 1939,61, 1597. | (33, 5564) 
Brewer, A.K., Ind. Eng. Chem., 1938,30, 893. (32, 7340) 
43 Smythe, W.R.& Hemmendinger, A., Phys. Rev., 1937,51, 178. (31, 1695) 


44 Douglas, D.M., Elliott, G.A., Ellis, W.R.&Lee, R.H., Proc. Conf. Applns. 
Isotopes Sci. Research, Univ. of Melbourne, 1950, pp. 125-136 (1951). (45, 9315) 
45 Love, L.O. & Bell, W.A., U. S. Atomic Energy Comm. document No. Y—623 
27pp. 1950. 
46 v. Weizsacker, C.F., Phys. Z., 1937,38, 623. (31, 8358) 
47 Thompson, F.C. & Rowlands, S., Nature, 1943,152,103. (37, 6544) 


2500 - RADIOCHEMISTRY 100°1: 


48 Bleuler, E.&Gabriel, M., Helv. Phys. Acta, 1947,20, 67. (41, 5013) 
49 Bell, P.R.&Cassidy, J.M., Phys. Rev., 1950,77, 409. (44, 3367) 
50 Bell, P. R. & Cassidy, J.M., Phys. Rev., 1950,79, 173. (44, 8254) 
51 Good, M.L., Phys. Rev., 1951,81, 1058. (45, 5034) 
52 Colgate, S.A., Phys. Rev., 1951,81, 1063. (45, 5034) 


53 U.S. Atomic Energy Comm. document No. ORNL—782. 96pp. 1950. 
54 Meyer, H.A., Schwachheim, G. &de Souza Santos, M. D., Phys. Rev., 1947,71, 


908. (41, 5387) 
55 Strominger, D., Hollander, J. M. &Seaborg, G.T., Rev. Mod. Phys., 1958,30, 

580. 3 
56 Houtermans, F.G., Haxel, O. &Heintze, J., Z. f. Phys., 1950,128,657. (45,5529) 
57 Good, M.L., Phys. Rev., 1951,83, 1054. (45, 9383) 
58 McNair, A., Glover, R. N. & Wilson, H. W., Phil. Mag., [8], 1956, 1, 199. (51, 881) 
59 Sawyer, G. A. & Wiedenbeck, M.L., Phys. Rev., 1950,79,490. (44, 8786) 
60 Sawyer, G.A., Univ. Microfilms, Publ. No. 2000; 89pp. Microfilm Abstr,  . 

1950, 10.No.4,p.268. (45, 6933) 
61 Kono, S., J. Phys. Soc. Japan, 1955,10, 495. (49, 15519) 
62 Suttle, A.D.&Libby, W.F., Anal. Chem., 1955,27,921. (49, 12147) 
63 Suttle, A. D., U.S. Atomic Energy Comm., document No. AECU—2524 106pp. 

1952, \ 
64 Brewer, A.K., Science, 1937,86, 198. (31, 7745) 
65 Bramley, A. & Brewer, A.K., Phys. Rev., 1938,53,502. (32, 4070) 


66 Freedman, M., Smaller, B. & May, J., U.S. Atomic Energy Comm. document 
No. AECU—593 (UAC—160). 


67 Borst, L.B.&Floyd, J.J., Phys, Rev., 1948,74,989. (43, 485) 
68 Hirzel, O. & Waffler, H., Phys. Rev., 1948,74, 1553. (43, 1260) 
69 Delaney, C.F.G., Sci. Proc. Roy. Soc. Dublin, 1951,25, 251. (46, 10928) 
70 Floyd, J.J.& Borst, L.B., Phys. Rev., 1949,75, 1106. (43, 4563) 
71 Faust, W.R., Phys. Rev., 1950,78, 624. (44, 8254) 
72 Smaller, B., May, J.& Freedman, M., Phys. Rev., 1950,79,940. (44, 10530) 
73 U.S. Atomic Energy Comm. document No. ANL—4288. 63pp. decl. 1957. 
74 Spiers, F. W., Nature, 1950,165, 356. (44, 7667) 
75 Stout, R.W., Phys. Rev., 1949,75, 1107. (43,.4563) 
76 Delaney, C.F.G., Phys. Rev., 1951,81, 158. (45, 2326) 
77 Hée, A., Coche, A., Keller, P., Jarovoy, M. & Wack, M., Ann. Geophys., 1954,10, 
19. (48, 12570) 
78 Paganelli, M. & Quareni, G., Nuov. Cim., 1951,8,598. 
79 Paganelli, M. & Quareni, G., Phys. Rev., 1952,86,423. (46, 6955) 
80 Paganelli, M. & Quareni, G., Nuov. Cim., 1952,9,324. (46, 5991) 
81 Morrison, P., Phys. .Rev.,.1951,82, 209. (45, 5529) 
82 Heintze, J., Z. Naturforsch., 1954,9a, 469. (48, 12571) 
83 Backenstoss, G. & Goebel, K., Z. Naturforsch., 1955,10a, 920. (51, 5583) 
84 Gerling, E.K., Titov, N. E.& Ermolin, G.M., Doklady, 1949,68, 553. (45, 10082) 
85 McNair, A., Glover, R. N.& Wilson, H.W., Phys. Rev., 1955,99,771. (49, 15541) 
86 Sawyer, G. A. & Wiedenbeck, M.L., Phys. Rev., 1949,76, 1535. (44, 947) 
87 Burch, P.R.J., Nature, 1953,172,361. (48, 2487) 
88 Inghram, M.G., Brown, H.S., Patterson, C. &Hess, D.C., Phys. Rev., 1950, 
80,916. (45, 1434) 
89 Graf, Ts, Phys. Rev., 1948,74,831. (42, 8626) 
90 Sailor, V.L., Floyd, J. J.& Borst, L.B., Phys. Rev., 1951,81, 298. (46, 6946) 
91 Wasserburg, G. J. & Hayden, R.J., Phys. Rev., 1954,93, 645. (48, 6859) 
92 Wetherill, G. W., Wasserburg, G.J., Aldrich, L. T., Tilton, G. R. & Hayden, R. J., 
Phys. Rev., 1956, 103, 987. (50, 15266) 


Aldrich, L. T., Wetherill, G. W., Davis, G. L. & Tilton, G.R., Bull. Amer. Phys. 
Soca, .1996,1,(No, 1). 31. Ho. 
93 Ahrens, L.H.& Evans, R.D., Phys. Rev.,. 1948,74, 279. (42, 8622) 
94 Pahl, M., Hiby, J., Smits, F. & Gentner, W., Z. Naturforsch., 1950,5a,404. (45, 1924) 
95 Shillibeer, H. A., Russell, R.D., Farquhar, R.M. & Jones, E.A.W., Phys. Rev., 


1954, 94, 1793. (48, 9222) 
96 Shillibeer, H. A.& Russell, R.D., Canad. J. Phys., 1954,32,681. (49, 801) 
97 Wasserburg, G. J. & Hayden, R.J., Geochim. Cosmochim. Acta, 1955,7,51. (49, 8757) 
98 Aldrich, L.T.&Nier, A.O., Phys. Rev., 1948,74, 876. (43, 485) 
99 Ceccarelli, M., Quareni, G. & Rostagni, A., Nuov. Cim., 1951,8, 132. (45, 4572) 


Ceccarelli, M., Quareni, G. & Rostagni, A., Phys. Rev., 1950,80,909. (45, 1434) 
100 Gerling, E. K.& Titov, N. E., Jzvest. Akad. Nauk S.S.S.R., Otdel. Khim. Nauk, 
1949, 128. (44, 947) 


100-1 


101 Graf, T., Phys. Rev., 1948,74, 1199. 

102 Graf, T., Arkiv Fysi, 1951,3, 171. 

103 Graf, T., Phys. Rev., 1950,79, 1014. 

104 Russell, ReDs Shillibeer, H. A., Farquhar, R.M.& Mousuf, A. K 
1953,91,1223. 

105 Suess, H.E., Phys. Rev., 1948,73, 1209. 

106 Wasserburg, G. J. & Hayden, R.J., Phys. Rev., 

107 Mousuf, A.K., Phys. Rev., 1952,88, 150. 

108 Birch, F., J. Geophys. Research, 1951,56, 107. 

109 Festa, C. & Santangelo, M., Ann. Geofisica, 1950, 3, 95. 

110 Fireman, E.L., Phys. Rew., 1949, 75, 1447. 

111 Jeffreys, H., Ann. Géophys., 1950,6, 10. 

112 Harkins, W. D. & Guy, W.G., Proc. Nat. Acad., 1925,11, 628. 

113 Bocciarelli, D., Nature, 1931, 128, 374. 

114 Henderson, W. a; Phys. Rev, 1947, 71,323. 

115 Franchetti, S. Eeienece i M., Phys. Rev., 1948,74, 102. 

_ 116 Henriot, E. & Vavon, G., Compt. Fends, 1909, 149, 30. 

117 Kuban, M., Sitz. Akad, Wiss. Wien, Abt. Ila., 1928, 137, 241. 

118 Marshall, 7 H., Phys, Rev., 1953, 91, 905. 

119 D¥elepow, B., Kopjova, M. & Vorobjov, F., Phys. Rev., 

120 Marshak, R.E., Phys. Rev., 1946,70,980. 

121 Hirzel, O. & Waffler, H;; Helv. Phys. Acta, 1946,19, 216, 

122 Bell, P.R., Weaver, B. ‘& Cassidy, J.M., Phys. Rev., 1950,77,399. 

123 Alburger, D. E., Phys. Rev., 1950,79, 236. 

124 Alburger, D. E., Phys. Rev., 1949, 75, 1442. 

125 Alburger, D. E.,. Phys. Rev., 1950, 78, 629. 

126 Feldman, L. & Wu, C.-S., Phys. Rev., 1951,81, 298. 

127 Feldman, L.& Wu, C.-S., Phys. Rev., 1952,87, 1091. 

128 Wu, C.-S., Rev. Mod. Phys., 1950, 22, 386. 

129 Feldman, L. & Wu, C.-S., Bull. Amer. Phys. Soc., 

130 Feldman, L. & Wu, C.-S., Phys. Rev., 


1955, 97, 86. 


1946, 69, 538. 


1950, 25, 10A. 
1949, 76, 697. 


131 Feldman, L., Univ. Microfilms, Publ. No. 2341, 83pp. Microfilm Abstr., 


11,(No. 2), 392. 

132 Klemperer, O., Proc. Roy. Soc., 1935, 148, 638. 
133 Davis, L., Nagle, D.E. Meaenaies peette; Phys. Rev., 
134 Enge, H. ne Phys. Rev., 1954,94, 730. 
135 Marty, C., Nataf, R. & Prentki, J., Pubs rend., 
136 Hurst, C., Nature, 1935, 135, 905. 
T37 Kolhorster, W., Naturwiss., 1928, 16, 28. 
138 Karsten-Salmony, A., ChemeZtee 1929,53, 137. 
139 Behounek, F., Nature, 1930, 126, 243. 
140 Gleditsch, E. & Graf, , Phys. Rev., 1947,72,640. 
141 Ceccarelli, M., eae M. & Rostagni, A., Nuov. Cim., 1949,6, 151. 
142 Hofstadter, R. & Mcintyre, J.A., Nucleonics, 1950,7,No.3,p.32. 
143 Hofstadter, R. & McIntyre, J. A., Phys. Rev., 1950,80, 631. 
144 Pringle, R. W., Standil, S. & Roulston, K.I., Phys. Rev., 1950,77,841. 
145 Good, M.L., Phys. Rev., 1951,81, 891. 
146 Libby, W.F., Phys. Rev., 1934,46, 745. 
147 Sailor, V.L., Phys. Rev., 1949,75, 1836. 
148 Johnson, W.H., Phys. Rev., 1952,88, 1213. 
149 Newman, F.H.& Walke, H.J., Nature, 1935,135,508. 
150 Hahn, O., Strassmann, F. & Walling, E., Naturwiss., 1937,25, 189. 
151 Mattauch, J., Naturwiss., 1937,25, 189. 
152 Hemmendinger, A. &Smythe, W.R., Phys. Rev., 
153 Bondy, H., Johannsen, G. & Popper, ef Phys., 
154 Nier, A.O., Phys. Rev., 1936,50, 1041. 

Nier, A.O., Phys. Rev., 1936,49, 272. 

Nier, A.O., Phys. Rev., 1950,79, 450. 
155 Brewer, A.K., J.A.C.S., 1938,60,691. 
156 Sen Chaudhury, P.K., Proc. Nat. Inst. Sci., India, 1942,8,45. 
157 Kemmerich, M., Z. Phys., 1949,126, 399. 
158 Geese- -Bahnisch, I. & Huster, E., Naturwiss., 

Geese-Bahnisch, I., Z. Phys., 1955, 142, 565, 
159 Flinta, J. & Eklund, S., Arkiv Fys., 1954, 7,401. 
160 Curran, S.C., Dixon, D. & Wilson, H.W., Phil. Mag., 1952,43,82. 
161 Curran, S.C., Dixon, D.& Wilson, H.W., Phys. Rev., 1951,84, 151. 


1953,237, 137. 


1937,51, 1052. 
1935,95, 46. 


1954, 41, 495. 


NATURAL RADIOACTIVITY OF POTASSIUM AND RUBIDIUM 


1949, 76, 1068. 


2501 


(43, 485) 
(46, 358) 


(44, 10536) 
., Phys. Rev., 
(47, 12019) 


(42, 5337) 
(49, 5136) 
(47, 414) 
(46, 8983) 
(44, 6736) 
(43, 6507) 
(44, 7667) 
(20, 8) 
(26, 370) 
(41, 2639) 
(42, 6232) 


(23, 2097) 


(47, 12019) 


(40, 4288) 
(41, 2324) 
(41, 5013) 
(44, 3367) 


(43, 5294) 
(44, 8254) 
(46, 6946) 


(46, 10925) 


(45, 5027) 


(43, 8870) 
1951, 

(45, 7887) 
(29, 2838) 
(44, 39) 
(48, 8077) 
(48, 47) 
(29, 5738) 
(22,1 910) 
(23, 2879) 
(24, 5618) 
(41, 7246) 


(44, 8783) 
(45, 954) 
(44, 6287) 
(45, 5034) 
(29, 41) 
(43, 6507) 
(47, 3146) 
(29, 3595) 
(31,5265) 
(31, 5265) 
(31, 6103) 
(29, 6835) 
(31, 1696) 
(30, 2102) 


(44, 10542) 


(32,4874) 
(42, 7622) 
(44, 1339) 


(49, 10756) 
(50, 11844) 


(48, 7453) 
(46, 359) 


2502 - RADIOCHEMISTRY 100-1 


162 Lewis, G.M., Phil. Mag., 1952,43, 1070. (48, 10445) 

163 MacGregor, M. H. & Wiedenbeck, M.L., Phys. Rev., 1952,86,420. (46, 6504) 

MacGregor, M. H. & Wiedenbeck, M.L., Phys. Rev., 1954,94, 138. (48, 6860) 
MacGregor, M.H., Univ. Microfilms, Rubl: No. 7685. 93pp. Diss. Abstr., 1954, 

14, 692. (48, 8066) 


164 Libby, W.F., Anal. Chem., 1957,29, 1566. 
165 Haxel, O., Houtermans, F..G, & Kemmerich, M., Phys. Rev., 1948,74, 1886. 


(43, 4120) 

166 Bahnisch, I., Huster, E. & Walcher, W., Naturwiss., 1952,39,379. (47, 7340) 

167 Eklund, S., Arkiv Mat. Astron. Fys., 1946,33A,No. 14,79 pp. (41, 2329) 

Miuhlhoff, W., Ann. Phys., 1930,7, 205, (25,.3238) 

168 Charpak, G. & Suzor, F., Compt. rend., 1951,233, 1356. (46, 2927) 

169 Saha, A.K., Proc. Nat. Inst. Sci. India, 1946,12, 159. (42, 3662) 

170 Haxel, O. & Houtermans, F.G., Z. Phys., 1948,124, 705. (43, 8867) 
171 Aldrich, L. T., Wetherill, G. W., Tilton, G.R. & Davies, G.L., Phys. Rev., 1956, 

103, 1045. (50, 15266) 

172 Fritze, kK. &Strassmann, F., Z. Naturforsch., 1956,11a, 277. (51, 6380) 

173 Strassmann, F.& Walling, E., Ber., 1938,71B, 1. (32, 2831) 

174 Daudel, R., Benoist, P. , Jacques, R. & Jean, M., Compt. rend., 1947,224, ae 

5 
175 Sherk, P.M., Phys. Rev., 1949,75, 789. (43, 4112) 


176 Ivanenko, D. D. & Lebedev, V., Zhur. Eksptl. i Teoret. Fiz., 1950,20,91. 
(46, 10919) 


177 de la Ripelle, M.F., Compt. rend., 1951,232, 1655. (45, 7887) 
178 Kohman, T.P., Pxoc. Conf. on Nuclear Processes in Geologic Settings, 1953, 

p. 10,(1954). > (49,5977) 
179 Ollano, Z., Nuov. Cim., 1941,18,11. (36, 4757) 
180 Libby, W. F.&Lee, D.D., Phys. Rev., 1939,55,245. (33, 6138) 


18] Tomozawa, Y., Umezawa, M. & Nakamura, S., Phys. Rev., 1952,86,791. (46, 7893) 
Tomozawa, Y., Umezawa, M. & Nakamura, S., ‘Progr. Theor. Phys.,(Japan), 
1952,7,317. 
Morita, M., Fujita, J. & Yamada, M., Progr. Theor. Phys. (Japan), 1953,10,630. 

. (50, 16441) 
182 Fazzini, T. & Franchetti, S., Nuov. Cim., 1948,5,311. (42, 8624) 
183 Bergwitz, K., Phys. Z., 1913,14, 655. 

184 Bell, P.R., Cassidy, J.M. & Davis, R.C., U.S. Atomic Energy Comm. document 
No. ORNL—694. (1950). 
185 Bonetti, A., Bull. Centre Phys. Nucl. Univ. libre Bruxelles, No.19,1950,3 pp. 


(46, 10940) 
186 Heyden, M.&Kopfermann, H.. Z. Phys., 1937,108, 232. (32, 4430) 
187 Kolhorster, W., F. P. Nos. 679,444, 27-7-1929. (24,3729) 
and 38,772, 2-7-1930. (25, 3935) 

and others:- (26,1545; 2396; 2943) (27, 3421) and (28, 6; 384). 
188 Gleditsch, E. & Graf, 4 Dy Arch. Mat. Naturvidensk., 1941,44, 63. (38, 1702) 
Gleditsch, E. & Graf, T., Arch. Mat. Naturvidensk., 1941,44, 145. (37, 3665) 
189 Aten, A. H. W., Chem. Weekbl., 1943,40, 189. (38, 6232) 
190 Barnes, R. & Salley, D., Ind. Eng. Cre (Anal. Ed.), 1943, 15, 4. (37, 1345) 
191 Beers, R.& Goodman, C., Bull. Geol. Soc. Amer., 1944,55, 1229. (39, 482) 
192 Eklund, S., Arkiv Mat., Astron. Fys., 1945,B32,No.3,6 pp. (4], 2543) 
193 Gaudin, A.M.& Parnell, J.H., Anal. Chem., 1948,20, 1154. (43, 2118) 
194 Faul, H. & Sullivan, G., Nucleonics, 1949,4,(No.1),53. (43, 6112) 
195 Bergh, H., Kgl. Norske Videns., 1950,23, 16. (46, 2733) 


196 Friedman, H., Eng. ae J., 1951,152, 90, 
197 Giibeli, O. & Stammbach, E £., Helv. Chim. Acta, 1951,34,1245; 1253. 
198 Hurst, W.M., U.S. Atomic Energy Comm. document No. ORNL— 1165, (1952),8 pp. 


199 Russell, O. J., Brit. J. Appl. Phys., 1952,3,No.2,47. (46, 4920) 
200 Scheel, K., Angew. Chore: 1954, 66, 102. (48, 5724) 
201 Dresia, H., Z. Anal. Chem., 1955, 144, 81. (49, 3724) 
202 Senftle, F, E., Canad. Min. is 1948,69(No. 11),55. (43, 937). 
203 Reines, F., Schuch, R. L., Cowan, C.L., Harrison, F. B., Anderson, E. C. & 
Hayes, F.N., Nature, 1953,172,521. (48, 3155) 
Anderson, E.C., Schuch, R.L., Perrings, J. D.& Langham, W.H., U.S. Atomic 
Energy Comm. document No. LA-1717 (1955). 43pp. (50, 16430) 
204 Biren Db, R. J. & Spiers, F. W., Science, 1954,120, 719. (48, 3155) 
205 Anderson, E.C. & Hayes, F. N., Ann. Rev. Nucl. bor. 1956, 6,303. (51, 2409) 


206 Miller, C. E. & Marinelli, L. D., Radiology, 1956,66, 104. (50, 4250) 


—————— ee 


ea ee a 


ravine 


100-1 NATURAL RADIOACTIVITY OF POTASSIUM AND RUBIDIUM 2503 


207 Hée, A. & Jarovoy, M., Ann. Géophys., 1953,9, 153. (47, 9166) 
208 Eckstein, O., Trans. 3rd. Intern. Congr. Soil Seis, Oxford, 1935,1,186. (30,1925) 
209 Lasnitzki, A. & Oeser, E.A., J/.C.S., 1937,1090. (31,8360) 
210 Mullins, L.J.& Zerahn, K., J. Biol. Chem., 1948,174, 107. (42, 5058) 
211 Valette, G.& Combescot, C., Compt. rend. Soc. Biol., 1951,145, 1625. (46, 8158) 
212 Vinogradov, fete a Nature, 1957,179, 308. (51, 12170) 


213 Vinogradov, A.P., Nature, 1957, 180,507. 
214 Vinogradov, A. P. ‘& Kovalskii, V.V., Doklady, 1957,113,315. 


215 Graf, T., Pays Rev., 1948, 74,831. (42, 8626) 

216 Alburger, D.E., Phys. Rev., 1951, 81,888. (45, 4572) 

217 Ahrens, L. i "Pinson, W. & Kearns, M. M., Geochim. Cosmochim. Acta, 1952,2, 
229. (46, 9035) 


218 Birch, F., in' Isotope Geology’ ed. by H. Faul, (Wiley; 1954) p.148. 

219 Holyk, W.K.& Ahrens, L.H., Geochim. Cosmochim. Acta, 1953,4, 241. (48,3870) 
220 Verhoogen, J., Nature, 1949,164, 72. 

Zeer UIty; WaDi, Trans. Amer. Geophys. Union, 1949,30, 171. (44, 3415) 
222 Lopez de Azcona, J.M., Bol. Radiactividad, (Madrid) 1950, 23, 135. (45, 7887) 
223 Voitkevich, G. V., Doklady, 1950, 74, 771. 

224 Lyubimova, E. re Izvest. Akad, Nauk S.S.S.R., (Ser. Geofiz.), 1952,No.2,3. 

225 Danilevich, S.I., Jzvest. Akad. Nauk S.S.S.R., (Ser. Geofiz.), 1952,No.1,3. 


(47, 6836) 
226 Urey, H.C., Proc. Nat. Acad., 1955,41,127. (49, 7971) 
227 Holmes, A. & Lawson, R. W., Nature, 1926,117,620. (20, 2116) 
228 Gleditsch, E.& Graf, T., Phys. Rev., 1947, 72, 641. (41, 7246) 
229 Evans, R.D., quoted by Goodman, C. & Evans, R.D., Bull. Geol. Soc. Amer., 
1941,52, 491, (35, 4321) 
230 Curran, S.C., Quart. Rev. Chem. Soc., 1953,7, 1. (47, 7387) 
231 Kohman, T. P, & Saito, N., Ann. Rev. Nucl. Sci., 1954,4,401. (49, 2197) 
232 Harteck, P.& Suess, H.E., Naturwiss., 1947,34, 214. (43, 5712) 
233 Ahrens, L.H., Geochim. Cosmochim. Acta, 1951,1,312. (46, 4972) 
234 Carr, D.R., Damon, P.E., Broecker, W.S. &Kulp, J. L., ref. 16,pp.109—113. 
(51, 17661) 


235 Carr, D.R.& Kulp, J.L., Rev. Sci. Instr ., 1955,26,379. 
236 Moljk, A., Drever, R. W. P. & Curran, S.C., Nucleonics, 1955,13, No. 2,44. (49, 6735) 
237 LeClaire, Gregory & Smales, quoted by Jenkins, E.N. & Smales, A. A., 


Quart. Rev. Chem. Soc., 1956,10,91. (50, 9201) 
238 Boato, G., Careri, G., Nencini, G. & Santangelo, M., Ann. Geofis., (Rome), 

1951,4, 111. (45, 7889) 
239 Boato, G., Careri, G. & Santangelo, M., Nuov. Cim., 1952,9, 44. (46, 3238) 
240 Aldrich, L. T.&Nier, A.O., Phys. Rev., 1948,74, 1590. (43, 2090) 
241 Gentner, W. & Zahringer, J., Z. Naturforsch., 1955,10a,498. | (51,.3391) 


242 Gentner, W. & Zahringer, J., Geochim. Cosmochim. Acta, 1957,11,60. (51, 7981) 
243 Gerling, E.K. & Levskii, L.K., Doklady, 1956,110,750; Geokhimyia, 1956, 


NGv7590., = (51, 12776) 
244 Fleming, W.H.& Thode, H.G., Phys. Rev., 1953,90,857. (47, 9799) 
245 Fleming, W. H. & Thode, H.G., Phys. Rev., 1953,92,378. (48, 1840) 
246 Wetherill, G. W., Phys. He 1954, 96, 679. (49, 2878) 
247 Khlopin, V.G. &Gerling, E. , Doklady, 1948, 61, 297. (43, 527) 


248 Gerling, E.K., Kevskii, L. %. & Afanas’ eva, L.I1., Doklady, 1956,109,813.(51, 4897) 
249 Kuroda, P.K., Edwards, R.R., Robinson, B. L., Jonte, J.H.& Goolsby, C., 

Geochim. Cosmochim. Acta, 1957, oe 194. (51, 9340) 
250 Gentner, W., Jensen, F. & Mehnert, <.R., Z. Naturforsch., 1954,9a,176. (48,8140) 
251 Wetherill, G. W., Aldrich, aT Gis. Geochim. Cosmochim. Acta, © 


1955,8, 171. (50, 2384) 
252 Wasserburg, G. J. & Hayden, R.J., ref.16, p.131. (51, 17661) 
253 Aldrich, L.T., Davis, G.L., Tilton, G.R., Wetherill, G. W. & Jeffery, P. M., 

ref.16, pp. 147—156. (51, 17660) 
254 Vinogradov, A.P., Geokhimyia, 1956,No.5,3. (51, 13676) 
255 Wetherill, G. W., Tilton, G.R., Davis, G. L. & Aldrich, L. T., Geochim. Cosmochim. 

Acta, 1956,9, 292. (50, 16594) 
256 Stevens, J. R.&Shillibeer, H. A., Proc. Geol. Assoc. Canad., 1956,8,71. (51,3391) 
257 Noddack, W. & Zeitler, G., Z. Elektrochem., 1956,60, 1192. (51, 6460) 
258 Folinsbee, R.E., Lipson, J. & Reynolds, J. H., Geochim. Cosmochim. Acta, 

1956, 10, 60. (50, 16594) 


259 Wetherill, G.W., Science, 1957,126,545. 
260 Wetherill, G. W., Davis, G. L. & Aldrich, L. T., Trans. Amer. Geophys. Union, 
1957,38, 412. 


2504 RADIOCHEMISTRY. 100°1 


261 Aldrich, L.T., Davis, G.L., Tilton, G. R. & Wetherill, G. W., J. Geophys. 
Research, 1956,61, 215. (51, 5658) 

262 Gerling, E. K. & Morozova, I.M., Geokhimyia, 1957,No.4,304. 

263 Wasserburg, G.J., Pettijohn, F. J.& Lipson, J., Science, 1957,126,355. (SL, 17661) 


264 Reynolds, J.H., Geochim. Cosmochim. Acta, 1957,12,177. (51, 17632) 
265 Gast, P.W., Kulp, J.L.&Long, L., Trans. Amer. Geophys. Union, 1958,39, 

Saas 
266 Smits, F.&Gentner, W., Geochim. Cosmochim. Acta, 1950,1, 22. (45, 5083) 
267 Gentner, W., Prag, R. & Smits, F., Z. Naturforsch., 1953, 8a, 216. (48, 512) 


268 Gentner, W., Prag, R.& Smits, F., Geochim. Cosmochim. Acta, 1953,4,11. (48, 3869) 
269 Gentner, W., Goebel, K. & Prag, Re Geochim. Cosmochim. Acta, 1954,5, 124. 

(48, 8124) 
270 Gentner, W. & Trendelenberg, E., Geochim. Cosmochim. Acta, 1954,6,261. 
271 Lipson, J., Bull. Soc. Geol. Amer., 1958,69, 137. 
272 Curtis, G. H. & Reynolds, J. H., Bull. Soc. Geol. Amer., 1958,69, 151. 


273 Suess, H. E., Geochim. Cosmochim. Acta, 1951,2, 76. (46,5494) 
274 Gerling, E.K.& Pavlova, T.G., Doklady, 1951,77,85. (45, 10146) 
275 Suess, H. E., Hayden, R. J. & Inghram, (A G., Nature, 1951,168, 432. (46, 3470) 
276 Ahrens, L.H., Appl. Spectroscopy, 1952,6,(5), 11. (47,3198) 
277 Schumacher, E., ref.16, pp.90—96. (51,17660) 

Schumacher, E., Z. Naturforsch., 1956, 11a, 206. (51, 6365) 
278 Herzog, L.F., ref.16, pp.114—130. (51, 17661) 
279 Thomson, S.J. & Mayne, K.I., Geochim. Cosmochim. Acta, 1955,7,169. (49, 15677) 
280 Lipson, J., Geochim. Cosmochim. Acta, 1956,10, 149. (50, 16594) 


281 Baadsgaard, H., Goldich, S.S., Nier, A.O.& Hoffman, J.H., Trans. Amer. 
Geophys. Union, 1957,38,539. 

282 Gerling: E.K., Ermolin, G.M., Baranovskaya, N. V.& Titov, N. E., Doklady, 

1952,86, 593. (50, 131) 

283 Wetherill, G.W., Aldrich, L. T. & Davis, G.L., Phys. Rew, 1955,98, 250. (50, 10617) 

284 Holmes, A., Shillibeer, H. A. & Wilson, J. T., Nature, 1955,176, 390. 


285 Gerling, ELK, ., Geokhimyia, 1956,No.5,30. (51, 13675) 
286 Shillibeer, H. A. & Watson, K., me 1955, 121, 33. (49, 4476) 
287 Curtis, G.H., Lipson, J. & Evernden, J.F., Nature, 1956, 178, 1360. (51, 6460) 


288 Goldich, S. S., Baadsgaard, H. & Nier, A.O., Trans. Amer. Geophys. Union, 
1957, 38, 547. 

289 Fritze, K.&Strassmann, F., Naturwiss., 1952,39, 522. (47, 9228) 

290 Gerling, E.K., Yashchenko, M. L. & Ermolin, G.M., Byull. Komissii Opredelen. 
Absolyut. Vozrasta Geol. Formatsii, Akad. Nauk, S.S.S.R., Otdel. Geol- 


Geograf. Nauk, 1957,No.2,8. (51, 17661) 
291 Wasserburg, G.J., Hayden, R.J.& Jensen, K.T., Geochim. Cosmochim. Acta, 

1956, 10, 153. (51, 2486) 
292 Wasserburg, G. J. & Hayden, R.J., Trans. Amer. Geophys. Union, 1954,35,381A. 
293 Reynolds, J. H., Phys. Rev., 1955, 98, 283. (50, 10511) 
294 Reynolds, J.H., Rev. Sci. Instr., 1956, 27,928. (51, 17262) 
295 Farrar, R.L. & Cady, G. Hes iGA. Gos, 1949, 71,742. (43, 4986) 
296 Damon, P.E.&Kulp, J. age Amer. J. ‘Sci., 1957, 255, 697, 
297 Santangelo, M., Ann. Geofis. (Rome), 1952,5, 27, (46, 9467) 
298 Gentner, W. &Kley, W., Z. Naturforsch., 1955, 10a, 832. (51,3392) 
299 Amrikhanov, K.I., Gurvich, I. G., Shanin, L. L. & Sardarov, S.S., Zhur. Tekh. Fiz., 

1955, 25, 558. (50, 7690) 
300 Reynolds, J.H., ref.16, pp. 135—146. (51, 17661) 
301 Sprintsson, V. D. & Chernova, N.N., Vsesoyuz Nauch.-Issledovatel Geol. 

Inst., Informatsion Sbornik, 1956,No.3., 107. (51, 13675) 
302 Jeffrey, P.M., Geochim. Cosmochim. Acta, 1956,10,191. (51, 2487) 
303 Aldrich, L. T., Davis, G.L., Tilton, G. R. & Wetherill, G. W., J. Geophys. Research, 

1956,61, 215. (51, 5658) 
304 Poole, J.H.J., Nature, 1948,162, 775. (43, 3709) 
305 Brown, H., in' The Atmospheres of the Earth and Planets’ (G. P. Kuiper, ed.) 

Chicago, 1949, p.260 (46, 6480) 
306 Suess, H.E., J. Geol., 1949,57, 600. 
307 Tatel, H.E., J. Geophys. Research, 1950,55,329. (46, 8529) 
308 Festa, C., Aaa Geofis. (Rome), 1950, 3; 489, (45, 6936) 
309 Festa, C. & Santangelo, M., Ann. Geofis. (Rome), 1950,3, 251. (45, 2783) 
310 Rostagni, A., Geofis. Pura e Appl., 1950, 18, 128. (46, 833) 
311 Urey, H.C., Geochim. Cosmochim. Acta, 1951,1, 209. (46, 4972) 


312 Kulp, J. L., Bull. Geol. Soc. Amer., 1951,62,326. (46, 2974) 


100-1 NATURAL RADIOACTIVITY OF POTASSIUM AND RUBIDIUM 2505 


313 Chackett, K.F., Phys. Rev., 1951,81, 1057. (45, 5041) 
314 Poole, J.H. J. & Delaney, C. F.G., Nature, 1951,167,680. (45, 8909) 
315 Shillibeer, H. A. & Russell, R. D., Geochim. Cosmochim. Acta, 1955,8, 16.(50, 3170) 
316 Suess, H. E., Naturwiss., 1938,26,411. (32, 8920) 
317 Suess, H. E., Naturwiss., 1939,27, 702. (34, 320) 
318 Schumb, W. C., Evans, R. D. & Leaders, W.M., J.A.C.S., 1941,63,1203. (35,4283) 
319 Houtermans, F.G.& Jordan, P., Z. Naturforsch., 1946,1,125. (41, 5386) 
320 Ahrens, L.H., Nature, 1946, 157, 269. (40, 3080) 
321 Ahrens, L.H., Trans. Proc. Geol. Soc. S. Africa, 1947,50, 23. (44, 3414) 
322 Hahn, O. & Walling, E., Z. anorg. Chem., 1938,236, 78. (32, 4071) 

Hahn, O., Geol. Foéren. Stockholm Férh., 1944,66,90. (40, 7083) 
323 Ahrens, L.H., Phys. Rev., 1948,74, 74. (42, 8646) 
324 Ahrens, L.H., Bull. Geol. Soc. Amer., 1949,60, 217. (43, 2906) 
325 Miholic, S., J.C.S., 1950,3402. (45, 3778) 
326 Ahrens, L. H. &Gorfinkle, L.G., Amer. J. Sci., 1951,249, 451. (45, 8398) 
327 Venkatasubramanian, V.S., Proc. Indian Acad., 1953,38A,376. (48, 5043) 
328 Ahrens, L.H., Trans. Amer. Geophys. Union, 1952,33, 193. (46, 7008) 


329 Aldrich, L. T., Doak, J.B. &Davis, G.L., Amer. J. Sci., 1953,251,377. (47,8575) 
330 Tomlinson, R.H. & Das Gupta, A.K., Canad. J. Chem., 1953,31,909. (48, 1218) 
331 Smales, A. A. & Webster, R.K., Geochim. Cosmochim. Acta, 1957,11, 139. (51, 7939) 


332 Cabell, M.J.&Smales, A. A., Analyst, 1957,82,390. (51, 14477) 
333 Webster, R.K., Morgan, J. W.& Smales, A. A., Trans. Amer. Geophys. Union, 
1957,38, 543. 
334 Aldrich, L. T., Herzog, L. F., Holyk, W.K., Whiting, F. B.& Ahrens, L.H., Phys. 
Rev., 1953,89, 631. (47, 7342) 
335 Walling, E., Z. Naturforsch., 1949,4a, 153. (43, 8266) 
336 Herzog, L.F., Aldrich, L. T., Holyk, W.K., Whiting, F. B.& Ahrens, L.H., 
Trans. Amer. Geophys. Union, 1953,34,461. (47, 11096) 
337 Aldrich, L. T., Herzog, L. F., Doak, J. B.& Davis, G.L., Trans. Amer. Geophys. 
Union, 1953,34, 457. (47, 11096) 
338 Gast, P.W., Bull. Geol. Soc. Amer., 1955,66, 1449. (50, 1546) 
339 Aldrich, L.T., Herzog, L. F., Pinson, W.H. & Davis, G.L., Trans. Amer. Geophys. 
Union, 1955,36,875. (50, 2384) 
340 Aldrich, L. T., Wetherill, G. W. & Davis, G.L., Bull. Geol. Soc. Amer., 1957,68, 
655. (51, 11203) 
341 Jamieson, R. T.&Schreiner, G.D.L., Proc. Roy. Soc., B., 1957,146, 257. 
(51;.11203) 
342 Aldrich, L. T., Wetherill, G. W. & Davis, G.L., Geochim. Cosmochim. Acta, — 
1956, 10, 238. (51, 3360) 


343 Cormier, R. F., Herzog, L. F., Pinson, W. H. & Hurley, P.M., Bull. Geol. Soc. 
Amer., 1956,67, 1681. 
344 Symposium on Precambrian correlation and dating, Proc. Geol. Assoc. Canad., 


1955,7,pp. 7-135. (50,4737) 
345 Holmes, A., Nature, 1954,173,612. (48, 9876) 
346 Pinson, W.H., Ahrens, L. H. &Franck, M.L., Geochim. Cosmochim. Acta, 1953, 

4,251. (48, 3870) 
347 Davis, G. L. & Aldrich, L. T., Bull. Geol. Soc. Amer., 1953,64,379. (47, 4810) 
348 Rodgers, J., Amer. J. Sci., 1952,250,411. (46, 7950) 
349 Ahrens, L. H. & Gorfinkle, L.G., Nature, 1950,166, 149. (44, 10623) 


350 Zeller, E.J.& Zeller, D.E.N., Ann. Prog. Rept. to U.S. Atomic Energy Comm., 
contract No. AT(11—1)—178. 1953. 

351] Ahrens, L. H. & Macgregor, A.M., Science, 1951,114, 64. 

352 Aldrich, L.T., Davis, G.L., Nicolaysen, L. C.& Tilton, G.R., Carnegie Inst. 
Yearbook, No.52. pp.78—84; 110—116. 

353 Nicolaysen, L.O., Aldrich, L. T. & Doak, J. B., Trans. Amer. Geophys. Union, 
1953,34, 342A. 


354 Ewald, H., Garbe, S.&Ney, P., Z. Naturforsch., 1956,11a,521. (61311203) 
355 Wickman, F.E., J. Geol., 1948,56,61. (42, 1852) 
356 Walling, E., Z. Naturforsch., 1949,4a, 153. (43, 8266) 
357 Kulp, J. L., Turekian, K.& Boyd, D.W., Bull. Geol. Soc. Amer., 1952,63,701. 

mS (46, 9034) 


SECTION CI 
FRANCIUM 


By A.G. MADDOCK 


The element of atomic number 87, the heaviest of the alkali metals, was 
named ‘francium’ by Mlle. M. Perey,* who discovered the element in 1939.’ 
The name was chosen in honour of France, the discovery having been made in 
the Curie laboratory of the Institut du Radium in Paris. The pronunciation 
fran si tim was recommended by the Committee on Nomenclature, Spelling and 
Pronunciation of the American Chemical Society.* The name and the symbol 
Fr were adopted by the International Union of Pure and Applied Chemistry 
meeting in Amsterdam in September 1949.4 The commission on Atomic 
Weights, following its practice for elements not available in macroscopic 
amounts, decided that the official table should indicate the mass of the most 
stable known isotope in square brackets, viz. Francium, Fr, [223].5 The 
American Chemical Society accepted these decisions in 1951.° 

Earlier names for the element, based on unsubstantiated claims to the 
discovery, include russium,’ alkalinium,® virginium’? and moldavium.* 


HISTORY 


The existence of a sixth alkali metal was already indicated by the earlier 
forms of the periodic classification of the elements advanced by Mendelejeff. 
A space was shown for an unknown element tentatively denoted as ekacaesium.** 
The prediction of ekacaesium is discussed in the original Treatise’? but at 
that date some confusion still existed regarding the assimilation of the rare 
earths in the periodic classification. This confusion arose because attempts 
were still being made to incorporate these elements without discontinuity into 
the body of the earlier form of the periodic table and when this was done two 
homologues of casium were predicted. These difficulties were resolved as it 
was gradually realized that the atomic number, and not the atomic weight, was 
the true characteristic of an element. Siegbahn and Friman’s** studies of the 
La and the Lg X-ray spectra of the heaviest elements showed that spaces 
could be found for elements of atomic number 85, 87 and 91 between tungsten 
and uranium. The spectra of all the known elements, with the exception of 
emanation and actinium which they were unable to examine, showed the 
regular progression predicted by Moseley’s law after allowance was made for 
the above mentioned vacancies. In addition it became clear that only one 
homologue of caesium could be found between that element and uranium. 
Similar conclusions were drawn by Wagner.“ 

Several attempts were made during the first three decades of this century 
to discover the missing element. The possibility that ekacae sium would 
prove radioactive was recognized at an early date** but a number of investiga- 
tions were conducted using methods of detection which could only prove 
successful in the detection of a stable or a very long-lived species. These 
investigations are conveniently classified according to the method of detec- 
tion employed. 

A very careful comparison of the sensitivities of these methods was made 
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by Bainbridge." Supposing that the atomic weight of the unknown element 


must be about 223 and that an analytical determination of the atomic weight 
could distinguish differences in the fifth significant figure in the atomic 
weight, Bainbridge concluded that gravimetric analysis could succeed only on 
a concentrate containing 1 part of ekacaesium in 10* of caesium. Bainbridge 
doubted whether optical spectroscopy would prove much more sensitive, partly 
because of the contribution to the background from the glare from the spectra 
of the other alkali metals present and partly because the raies ultimes should 
lie in the infra-red. Dabrosserdow also argued that the sensitivity of spectro- 
scopic methods of detection might be unusually low.’ The possibility of 
preferential excitation of the ekacaesium spectrum was, however, acknowledged. 
Bainbridge concurred with Hevesy*’ in estimating that the excitation of the 
characteristic X-ray spectrum would be about one order of magnitude less 
sensitive than optical spectroscopy and he showed that mass spectrometric 
methods should be capable of detecting one part of ekacazsium in 10’ parts of 
caesium. Radioactive methods were not strictly comparable with the above 
‘methods and the sensitivity of a reported physiological method of detection of 
ekacaesium could not be estimated. 


Atomic Weight Studies. | 

The earliest deliberate attempt at the concentration and detection of 
ekacazsium was made by Richards and Archibald** who subjected 150 g. of 
caesium dichloriodide to 25 stages of fractional crystallization. The atomic 
weight of the caesium separating in the most soluble fraction was compared 
with that of the initial material. No significant difference was found. A 
similar, but larger scale, investigation was made by Baxter.** 3+5 kg. of 
Caesium nitrate were separated from a sample of pollucite from Paris, Maine, 
U.S.A., containing 33% of caesium, rubidium and potassium and 2% of sodium 
and lithium. The mineral was extracted with nitric acid and treatment of the 
residue with hydrofluoric acid showed that a negligible proportion of the 
alkali metals was retained by the residue. Aluminium and other elements 
were separated from the nitrate solution by adding ammonium hydroxide and 
the precipitate was filtered off. The solution was then evaporated and the 
residue was gently ignited to drive off ammonium salts. 3-5 kg. of caesium 
nitrate thus prepared were subjected to fractional crystallization until the 
least soluble 3 g. were separated. The atomic weight of the caesium contained 
in this fraction was not significantly different from the accepted value. This 
investigation was criticized by Dennis and Wyckoff” who pointed out that the 
solubilities of potassium, rubidium and caesium nitrates leave some doubt as 
to the solubility of ekaczsium nitrate. 


Optical Spectroscopy. 

Richards and Archibald** examined the flame spectrum of the product of 
their attempt to concentrate ekacazesium, but they found no new lines. Baxter*® 
also tried spectroscopic methods and investigated the flame and spark spectra 
of his product without positive results. 

A much more extensive study was reported by Dennis and Wyckoff.” The 
alkali metals contained in 3+5 kg. of pollucite were separated by extracting 
the powdered mineral with concentrated hydrochloric acid for between thirty 
and forty hours. Other metals were separated by treating the extract with 
ammonium hydroxide and a slight excess of ammonium carbonate. The 
precipitate was separated and dissolved in sulphuric acid, and the alums 
formed were separated by crystallization and returned to the main body of the 
alkalis in the supernatant solution from the carbonate precipitation. Repeti- 
tion of the carbonate precipitation and recovery of the alkalis that might be 
entrained in this precipitate eventually gave a complete recovery of the 
alkali metals. After conversion to chlorides the mixture was then subjected 
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to systematic fractional crystallization. To avoid the possibility of losing eka 
czesium chloride during the crystallizations, evaporations were conducted under 
reduced pressure. The arc spectra of all the fractions were recorded and 
examined from the ultra-violet to the infra-red without finding evidence of the 
missing element. The fractionation was repeated using the perchlorates and 
the alums formed from the same sample of casium. The arc spectra of all 
fractions were taken in both cases, but without success. 

Amongst the most likely terrestrial sources of a missing alkali metal are 
the salts of the seas. Friend examined a sample of Dead Sea water.” The 
sample had a density of 1:2089 at 18°C. and was taken from a depth of two 
feet about fifty yards off shore at the northern end of the sea. The most 
soluble chloride fraction of the salts was separated by fractional crystalliza- 
tion and the alkali metal chloroplatinates precipitated. No lines that could 
be attributed to a new element could be detected with this precipitate. A 
few years later it was suggested that the element might become concentrated 
in the deepest parts of the ocean and so might be found in the water from the 
Mindano depths.”* 

During the first quarter of this century the spark spectra of a wide variety 
of alkali metal source materials were investigated by Murmann.”? Although 
caesium was detected, by means of its line at 3861-5 A., in cigar ash, water 
from the North Sea, commercial magnesium chloride, rubidium alum and potash 
from beet molasses, no evidence of a new element could be obtained, nor did 
it appear in caesium alum or in the mother liquors from the preparation of 
oxalic acid or lithium: salts. 

Some attempts were made to facilitate the examination of the spectra of 
likely materials by calculating the wave-lengths of the principal lines of the 
ekacaesium spectrum. By making an empirical extrapolation from the data on 
the spectra of the known alkali metals, Loring”* estimated that lines would be 
found in the ekacaesium spectrum at 8015-88, 4830-69, 4175-83, 3906-89, 
3766+26, 3682-46 and 3628-15 A. He found that a line in the caesium spectrum 
reported by Meissner** closely corresponded with the first of these wave- 
lengths and all the remaining six wave-lengths lay within 1-5 A. of lines found 
by Sommer” in the same spectrum. On this evidence he suggested that 
ekaczesium was a common impurity in caesium salts and that it should be 
called ‘alkalinium’. 

Corrections and extensions of some of the calculations appeared sub- 
sequently,” and later it was suggested that ekacasium might be responsible 
for the unidentified strong line at 6374.5 A. in the spectrum of the solar 
corona.** An identification of the first doublet in the principal series of 
ekaczsium in sun spot spectra had already been claimed by Russell.” It was 
argued that the anticipated low boiling point and low first ionization potential 
would make it likely that ekacaesium, if present in the sun, should be observed 
in the coronal spectrum.”»”” Loring’s method of calculating the spectrum and 
first ionization potential of ekacaesium was empirical and imprecise as, 
indeed, he admitted in later papers where he substantially modified his 
earlier wave-lengths.* Subsequent and more reliable calculations have 
given quite different values (see below). 

It may be remarked that in this series of papers Loring does not comment 
on his earlier claim to the discovery of ekacaesium using X-ray spectroscopic 
methods of detection, although he had not formally withdrawn this claim (see 
below). 

Bainbridge*® calculated the separation of the ekacaesium doublets as 1675 
cm:*, and showed that no such doublet, having the appropriate frequency and 
intensity relations, could be found in the solar spectrum between 7000 and 
9000 A. 

An extensive but unsuccessful search for ekacaesium was made by I. and 
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W. Noddack.” Alkali fractions were separated from pollucite, beryl, samar- 
skite, gadolinite, aeschynite and other sources. The casium fractions were 
then fractionally crystallized, using either the alums or the chloroantimonites, 
and the least soluble fractions thus isolated were examined by emission 
spectroscopy, particular attention being paid to the region of the infra-red 
where the raies ultimes of ekacaesium were expected to lie. 


X-Ray Spectroscopy. 

The success of X-ray spectroscopy in the unambiguous demonstration of a 
vacancy for ekacasium and its apparent specificity as a means of identifica- 
tion stimulated interest in the application of the technique to the search for 
this element. The first attempts were made by Loring and Druce, the former 
having already discussed the question of the number and nature of the missing 
elements.*° While examining some manganese compounds, primarily with a 
view to the discovery of elements 43 and 93, they noticed a line in the X-ray 
emission spectrum at 1-032 A. Other plates showed a similar line apparently 
at 1040 A. These were interpreted as the unresolved doublet Ly -La, of 
ekacazsium.** The nature of the material used, except that it was derived 
from pyrolusite, and the methods of chemical concentration were never fully 
disclosed.** In the earlier communications no evidence of the Lg lines could 
be found, and their absence was attributed to the strong absorptions in this 
spectral region due to the presence of silver and bromine in the photographic 
plates. However, on more careful examination a faint line at 0-837 A. was 
found and this was identified with the Lgline.** Interpolation from Siegbahn 
and Friman’s data’® indicated that the Lg line should be found at 10276 A.** 
Intensification of the first of these films moved the centre of the Lg line 
nearer to the calculated value and away from the Lg line of mercury which 
should appear at 1:0458 A. Negative results were obtained when similarly 
lengthy exposures were made using Kahlbaum’s manganous sulphate,** the L g 
line remaining very shadowy. 

The evidence for the existence of traces of ekacasium in manganese 
compounds advanced by Loring and Druce thus depended on the observation of 
a line in the X-ray emission spectrum on three plates, at 1-032 or possibly 
1-040 A., attributed to the unresolved Lg —Lg doublet of the element, and a 
very doubtful observation of an Lg line, 0-837 A. It was criticized anony- 
mously by a writer who pointed out that the Lg line of mercury occurs at 
1-040 A. and that mercury from the diffusion pump commonly appears in the 
X-ray spectrogram when long exposures are used.*° Moreover it was observed 
that the claim to the discovery was based on the attribution of one or possibly 
two among a number of unidentified lines on the films. Notwithstanding the 
cogency of this criticism, Loring reaffirmed his belief in his claim in several 
subsequent publications,*® one of the strongest arguments justifying his 
position being the absence of the lines on the control exposure with manganous 
sulphate. — 

The difficulties of X-ray spectroscopy, in particular the appearance of 
anomalous lines, misled a number of other investigators who tried to make use 
of this potentially powerful method for the detection of ekacaesium. 4 

An unsuccessful attempt to apply the same method of detection was 
reported by Herzfinkiel®* who mentioned an earlier failure by Dauvillier and 
Ponte. Similar results were reported by Friend” and Noddack,” using the 
concentrates they had examined by optical emission spectroscopy. The X-ray 
emission spectrum of Karlsbad salts was shown to be free from lines due to 
ekacaesium.*° 

A positive result was reported by Papish and Wainer using the alkali 
fraction from samarskite.** 10 kg. of the ore was treated with hydrogen 
chloride at 1000° and the volatile chlorides, including the alkali metal chlor-, 
ides, were converted into sulphates. The other metals were separated by 
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precipitation with ammonium hydroxide and the filtrate was evaporated and the 
residue was ignited to expel ammonium salts. After solution of the precipitate 
in hydrochloric acid, the most soluble chlorides were separated by fractional 
crystallization. The perchlorates were precipitated from this fraction and 
converted successively into chlorides, sulphates and then alums. The least 
soluble alum was separated by fractional crystallization. Lines were found 
in the X-ray emission spectrum at 4*517 (Mg, ?);_ 1026 (La, ?); 1-038 (La, ?); 
0853 (La ?) and 0-944 (Ly ?). A Siegbahn X-ray Secce neice 
Some time later it wads cen that some, at least, of these lines arose from 
imperfections in the crystal and in the spectrograph (see below). 

A positive result was also reported by Mlle. Hulubei, who examined the 
spectrum of a concentrate prepared from pollucite and found lines at 1-032 and 
1:043 A. Interference from mercury was avoided by the use of an oil diffusion 
pump. The preparation of the concentrate was not described, but a sensitivity 
of one part in 10’ was claimed. The name ‘moldavium’ was proposed. 
Hirsh pointed out that a Moseley plot of Siegbahn’s data**® indicated that the 
separation of the La and Lq_ lines of ekacaesium should not exceed 6 or 7 X. 
Using a rocking cry$tal spectrograph containing the crystal used by Papish 
and Wainer, Hirsh found positive results with a concentrate of caesium hydro- 
gen sulphate prepared from lepidolite by Kennard, but similar lines were 
obtained upon blank exposures and were shown to be due to imperfections in 
the crystal. These lines vanished when the rocking amplitude was increased.‘ 
. Some years later Hirsh confirmed the absence of ekacasium in this material 
by showing that L 4 lines could not be excited as fluorescence by molybdenum 
K radiation. * 

Mlle. Hulubei, however, continued to believe in the validity of her results. 
Using a focussing X-ray spectrograph of the kind designed by Mlle. Cauchois, 
she found lines corresponding to the La, and La, , as well as the Le line, 
when either quartz or mica crystals were used in her spectrograph. She 
pointed out that the latter line was unlikely to be simulated by the lines in 
the spectra of other elements. Interference by mercury and tungsten was 
avoided by the use of a tantalum filament and an oil diffusion pump.** An 
attempt was made to concentrate the element by fractional crystallization of 
the alkali chlorides obtained from 20 kg. of pollucite and the La, line was 
reported to be intensified in the most soluble fraction. Negative results were 
obtained with alkali chlorides derived from beryl but positive results were 
reported for autunite and colombite from Bavaria and for pitchblende.* 

By the time Mlle. Hulubei’s last publication appeared it was already clear 
that no long-lived isotope of this element existed.*° 


Mass Spectrographic Studies. | 

Bainbridge*® concluded that mass spectrographic methods should be 
capable of detecting less than one part of ekacaesium in 10° parts of caesium. 
He examined the caesium fraction separated from samples of pollucite and 
lepidolite from Oxford county, Maine, U.S.A. The ion source was a hot tungsten 
filament treated with the alkali concentrate and maintained at 1200-1300°K., 
and a Dempster type mass-spectrograph was used, The results showed that 
the pollucite contained less than 35 x 10°” parts and the lepidolite less than 
Pea x10" parts of ekacaesium.*® Murawkin*’ found an anomalous line at mass 
number 222, using a molten glass ion source and a circular eS eee 
but it was shown that this was probably due to a molecular cadmium ion, Gas: 
An examination of the concentrate prepared by Papish and Wainer** in a 
Dempster type ma ss-spectrograph, using an ion source with an oven at 600- 
700°C., gave an ion beam corresponding to a mass number of 222.*° Possibly 
this also was due to a molecular cadmium ion. 
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Other Non-radioactive Studies. 

A supposed indication of the presence of ekaczsium in solutions of 
caesium salts has been based on the physiological behaviour of the solutions.” 
An unsuccessful attempt to concentrate the element by differential ionic 
migration has been made.*° Equally unsatisfactory results attended an 
attempt to detect the element by means of the mobility of the ions in a rare 
gas atmosphere, using a concentrate consisting of the least soluble chloro- 
platinates formed by the alkalis contained in 2 kg. of Norwegian samarskite.** 
It was estimated that the concentrate contained less than one part of ekacaesium 
in 4000. 

The discovery of ekacaesium in pollucite and lepidolite was one of the 
first successes claimed for the now discredited magneto-optic method of 
analysis.°* Papish and Wainer** objected that the effects observed, which 
were then believed to depend on the masses of the ions in the solution, might 
be due to the ReCl* or Sncl} ions. These, however, were shown to produce 
different minima,°* and so the discovery of ekacasium was claimed and the 
new element was called ‘virginium’.? Six isotopes, of mass numbers 217, 
219, 221, 223, 225 and 227, were reported and these were accommodated in a 
modified form of 4n + 3 or actinium decay series and in a new 4n + 1 series.** 
The method was soon invalidated and its insufficiency for the detection of 
ekacaesium was conclusively demonstrated by Papish and Shuman.** 


Radiochemical Studies. 

Almost as soon as the serious search for ekaczsium began, it was recopg- 
nized that the element would probably prove to be radioactive. In many cases 
it was assumed that one isotope at least was sufficiently long-lived compared 
with the age of the earth to permit its detection in nature, even if it were not 
continuously replenished by the decay of some parent species. 

Ebler examined the water, salts and mother liquor from Rhenish wine by 
means of an electroscope and found that the alkalis contained therein were 
weakly radioactive’°® He attributed this activity to the presence of ekacasium, 
but it has been pointed out that he was probably unaware of the activities of 
potassium and rubidium.®” Baxter*® and Friend” both examined their concen- 
trates in the hope of detecting ekacaesium by means of its activity. Loring” 
and Kendall®® suggested that the activities reported for potassium and/or 
rubidium might, in fact, be due to ekacaesium. An activity attributed to 
ekacaesium was reported by Aartovaara, who examined samples of alum 
separated from the alkalis contained in gadolinite and Finnish felspars.” 

As knowledge of the radioactive decay processes accumulated and the 
principal features of the three natural decay chains became established, rather 
more explicit predictions about the nucleogenesis of ekacaesium became 
possible. Its position in the periodic classification and its odd atomic 
number made it likely that all its isotopes would be radioactive and might 
have relatively short half-lives.*®° Speculations appeared regarding the mass 
number of the most stable isotope and the atomic weight of the element. The 
first of these predicted an atomic weight of 224, by means of an entirely 
empirical numericai treatment developed from the data on the lighter elements.” 
Dobrosserdov agreed with this value.” As Aston’s data on the masses of the 
isotopes accumulated, it appeared more likely that the most stable isotopes of 
ekaczesium would possess odd mass numbers. Russell reached the conclusion 
that the isotope of mass number 221 would be most stable.°° In a further 
publication he reported that isotopes of mass numbers 219 and 223, which 
would be members of the missing 4n + 1 series of radioactive species, might 
also occur.°* The following alternative decay schemes for this series were 
postulated. 

Washburn®? and Loring” found that an atomic weight of 223 was more 
likely. Reference has already been made to the isotopes purported to have 
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been discovered by the magneto-optic effect.** 

Supposing that only short-lived isotopes of the element existed, it was 
realized that the element must be sought in association with one or other of 
the natural radioactive decay series. Russell shrewdly suggested that the 
element might be associated with the undiscovered 4n + 1 series. It could be 
formed either by the alpha decay of an isotope of actinium or by the beta decay 
of an isotope of emanation, but the known isotopes of these two elements had 
been found to be beta and alpha active respectively. It was possible, how- 
ever, that one or other of the isotopes showed a subsidiary branch decay 
process. 

Of the two naturally occurring isotopes of actinium, Hahn found that 
meso-thorium II did not emit any a particles,°* whereas actinium was at first 
believed to be rayless. However, Cranston reported that a weak a activity 
was associated with meso-thorium II.°* The question was re-investigated with 
great care by Hahn. In the first series of experiments he used 57 mg. of a 
radium-contaminated meso-thorium preparation. Caesium was added as a 
carrier and separated, after the addition of hold-back carriers, as the chloro- 
platinate. The measurement of the activity of the purified caesium began two 
days after the beginning of the separation. The very weak activity detected 
showed the same half-life and radiation characteristics as those of thoriumC.° 
He concluded that the branching ratio for a-decay by the meso-thorium II must 
be less than 10 if the half-life of the ekacaesium were two hours, or less 
than 10°’, if the half-life were ten years.°° In a further investigation, using 
speedier separation procedures, the maximum branching ratio for a-decay was 
reduced to 2:9 x 10°’, supposing the half-life of ekacaesium lay between ten 
minutes and ten years.°° A similar investigation was made by Hevesy,*” who 
also tried to detect the alpha activity of meso-thorium II directly by scintilla- 
tion methods. Guében, however, claimed to have detected a weak group of 
rather short range alpha-particles in a freshly prepared meso-thorium II pre- 
paration.°? The meso-thorium II contained in 2°5 mg. of meso-thorium was 
separated by the method of Hevesy.*” 30 mg. of lanthanum nitrate was added 
as carrier and precipitated by ammonium hydroxide. The lanthanum hydroxide 
precipitate carrying the meso-thorium II was redissolved in nitric acid and the 
precipitation was repeated. After again dissolving the precipitate in nitric 
acid, a small quantity of thorium nitrate solution was added, followed by 
hydrogen peroxide and ammonium hydroxide until precipitation just occurred. 
This thorium peroxide precipitate carried down the ionium and radiothorium 
together with some of the thorium B and C. Barium was then added to the 
solution and barium sulphate precipitated. The precipitate carried down the 
radium, thorium X and meso-thorium I remaining in the solution. Finally 
small amounts of lead and bismuth carriers were added and precipitated with 
hydrogen sulphide. This precipitate removed the thorium B and C. Each of 
these stages was repeated three times. The activity of the final meso-thorium 
II sample was measured in an ionization chamber with a compensated — 
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electrometer. The range of the a-particles, measured with a pair of chambers,*® 
was 3-03 cm. in air at n.t.p. Such a value would imply a very long half-life 
for ekacazsium, so that it might be expected to occur in macroscopic amounts 
in thorium minerals.° 

The possibility of the formation of ekacaesium by the beta-decay of radon 
was investigated by Hevesy*” using 100 mc. of radon. A branching ratio of 
less than 10°° was obtained. The other isotopes of emanation have not been 
studied so thoroughly. 

The association of a weak alpha-activity with actinium has been known for 
many years.’ Hahn and Rothenbach found that about 0-2-0+3% of the dis- 
integrations took place by alpha-decay, and in the following year the range of 
these alpha-particles was reported to be 3-4 cm. at n.t.p. 7) At a later date, 
however, it was suggested that these alpha-particles arose from the presence 
of traces of the parent protactinium in the samples of actinium used.”? 

In addition to these experimental studies, Rona and Schintlmeister plotted 
the energy surfaces of the atoms in the vicinity of element 87 and came to the 
conclusion that actinium and meso-thorium II should both prove to be alpha- 
active, but that the branching ratio for this mode of decay might be too small 
for experimental detection in the case of the latter isotope. They considered 
beta-activity of the emanations unlikely.”* 

The artificial production of ekacazesium was first discussed by Walke’® who 
suggested that isotopes of the missing 4n + 1 series might be produced by the 
neutron bombardment of thorium. He modified Russell and Widdowson’s decay 
scheme as follows:- 
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Some highly speculative papers on the radioactivity of ekacaesium also 
appeared. Lepape suggested that the alpha-decay of ekacaesium, following 
its concentration in plant materials, was responsible for some of the helium in 
natural gases.” The improbability of this hypothesis was emphasized by 
Szelényi.”® 

The isotopes proposed on the basis of magneto-optic methods of detection 
were considered by Bishop** and Graham.’” The unsuccessful search for 
ekaczesium was the subject of a number of reviews. 7777°*? 


DISCOVERY OF FRANCIUM 


Although the alpha-activity of actinium was discovered so many years ago, 
it was not until January 1939 that the product formed by this mode of decay 
was identified and the branching confirmed.” Mlle. Perey purified a sample of 
actinium by co-deposition of the radioactinium on ceric hydroxide. The 
actinium B and C were removed on a lead sulphide precipitate. Finally the 
actinium was co-deposited on a lanthanum hydroxide precipitate leaving the 
actinium X in solution. A beta-activity was observed to grow in the purified 
actinium with a half-life of 21 minutes. The absorption curve of these beta- 
particles in aluminium gave a coefficient f of 39 cm:* The emission of 
alpha-particles of 3-5 cm. range at n.t.p. by the purified actinium was con- 
firmed. The beta-active substance could be separated on a caesium carrier, 
and it was identified as the isotope of element 87 of mass number 223 and 
called actinium K. This name was obviously applicable only to the one 
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isotope so that the element was subsequently named Francium. 


PHYSICAL PROPERTIES OF FRANCIUM 


Since no long-lived isotopes of this element are known, and it is indeed 
unlikely that any can exist, the only physical properties directly determined 
relate to the radioactive properties of .the various isotopes. However, a 
large number of estimates of different properties have been made and these 
will be considered separately. 


Extrapolated or Theoretical Properties. 
Atomic Radius. 
The radius of the atom has been estimated as 37 A.°° 


Atomic Volume. 

Various estimates, based on extrapolation of the data for the alkali metals 
have been made. Dobrosserdow’ gave 98 cm?/g. atom;’ Graham’” 80+5 cm?/g. 
atom at 20°C. Hicks’* and Yagoda have also discussed this property. 


The Diatomic Fr, Molecule. 

By means of empirical relations between the atomic weight of an element 
and the characteristic frequency of its diatomic molecules, Matsuyama’* and 
Clarke’* have estimated the frequency for the Fr, molecule to be 30-1 cm:* 
Another estimate,’* depending upon regularities in the potential energy curves 
for such molecules, indicated a value between 22 and 27 cm7* 

Recently Varshni has estimated the frequency by means of the relation, 
log W=g-h log n’V, where V is the first ionization potential, n the quantum 
number of the valency shell and g and f are constants calculated from the 
data for the other alkali metals.*** 


Boiling Point. 
Loring suggested 615°C.,*° but in a later paper considered 863°C. pos- 
sible.”” Graham’’ suggested 620°C 


Melting Point. 
Dobrosserdow’ gave 17+8°C., Loring** 15°C., Graham’’ 23°C. and Korff’ 

18°C: 

Specific Heat. 


Graham’’ gave 0-02 and Loring®® 0:0338 g.-cal./g./°C., both by a similar 
graphical extrapolation from the data for the other alkali metals. 


Density. 
Dobrosserdow’ separa 2+3-2°4 and Graham’’ 2-2 g./c.c., by calculation 
from their estimates of the atomic volume. Loring’’ calculated a value of 2-1. 


Ionic Radius of Fr’. 
Ahrens’”’ estimated a radius of 1-80 A. for Fr* by extrapolation. 


The entropy*’* and specific viscosity’°? of the francium ion have been 
estimated by similar calculations. In addition the structures of the francium 
halides*®* and of the free metal’ have been discussed. A few other properties 
of the ymetal, including the work function, 15 volts,*°* and the specific resis- 
tivity,” 45 x 10° ohm. cm: ac\18°G,, have been considered. It has also been 
predicted that the metal would show photoelectric activity at relatively long 
wave-lengths.”’ 

Relatively little weight can be given to the above estimates of the physical 
properties of the element and its compounds, nor is it likely, in the absence of 
moderately long-lived isotopes, that experimental values of these quantities 
will become available within the next few years. 


Optical Properties and First Ionization Potential. 
The first ionization potential and the spectrum of francium are more 
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amenable to precise calculation and several fairly concordant estimates have 
been made. Two methods of calculation have been employed. Bainbridge*® 
used the known spectrum of the isoelectronic Rat ion. Yagoda’®® used an 
empirical relation between the quantum defect and the principal quantum 
number of the valence electrons of the element: subsequently he reported?””°” 
modified values based on a more direct calculation. For the principal series 
the following wave-lengths (A.) were obtained:- 


2 
(ORME, OCIS MEE 
8720 7600 - - _ Bainbridge*® 


8130 7460 4310 4260 Yagoda?® 
8104 7150 4328 4225  Yagoda?*°’ 


Thus, the spectrum should consist of a widely spaced doublet in the red and a 
closer doublet in the violet. These data differ from the values obtained by 
Loring”’ by direct extrapolation from the alkali metal spectra. The spectrum 
has also been discussed by Meggers.*°* A number of estimates of the first 
ionization potential have been made. Values deduced by extrapolation include 
4.24 V.;*°? 4.05 V.;7® 3°57 or 36519 V.*% and 4-11 V.°? Another estimate was 
3-83 V.*** More recent and elaborate calculations’” gave 4:0 + 0+1 V. for the 
first and 21-5 V. for the second ionization potential. 


RADIOACTIVE PROPERTIES OF THE FRANCIUM ISOTOPES 


In addition to the naturally occurring actinium K, ***Fr, ten other isotopes 
have been reported, 


Francium- 223. 

The principal radioactive characteristics of ***Fr, determined by Mlle. 
Perey*** and her collaborators, have been collected in areview.™* More 
recently the photon radiation associated with the decay of *“Fr has been 
studied in greater detail.****** The half-life of 7*Fr is 21 + 1 minute.**?** 
23Fr is formed in 1+2% of the disintegrations of 7”7Ac. The maximum energy 
of the beta-particles is 1*20 MeV.; the mean energy 265-KeV.; and the most 
probable energy 150 Kev.**7"*° 


Photon Emission. 

Earlier suggestions of a hard y-radiation proved incorrect.”’*’** Mlle. 
Perey reported photons of 95 KeV. Other emissions at 15:6 and 36 KeV. were 
attributed to actinium or its decay products. Rion,** however, found a 
photon emission at 38 KeV. Hyde’™ has carried out a very detailed analysis 
and finds photons of 49+8 KeV. in 40% of the disintegrations and of 80 KeV. 
in 24% of the disintegrations, as well as infrequent emission at 215 and 310 
Kev. L X-radiation was also observed.*** Although beta-decay is the 
predominant mode for 7”*Fr, it has been predicted that detectable alpha-branching 
should occur.”*"*” This has now been observed with a branching ratio of 4x 
10°°, and gives rise to a naturally occurring isotope of astatine. 


Francium- 221. 

The second isotope of francium to be discovered confirmed the earlier 
predictions that the principal decay route of the 4n + 1 series of radioactive 
elements would involve elements 85 and 87.7° **Fr was identified during the 
1939-45 war as a decay product of ***U. The latter nucleus decays by alpha 
emission to produce 7”Th, which in turn gives 7*Ra. This isotope is beta- 
active and gives 7*Ac, which forms 7”Fr by alpha-particle emission.*””*? The 
half-life of ?7*Fr is 48 min.*”* and it emits alpha-particles of 6+30 MeV. (75%) 
and 6:05 MeV. (25%).*475 


Francium-222 has been made by the proton bombardment of thorium. Its 


Refs. p. 2518 


2516 RADIOCHEMISTRY - 101+1 


half-life is 148 minutes. It decays principally by beta-emission, the maxi- 
mum beta-particle energy being 2:04 MeV.; but between 0-01 and 0-1% of the 
disintegrations lead to the emission of 6:00 MeV. alpha-particles. 


Francium- 220, - 219, -218 and -217 have been identified in the decay chains**”** 
descending from ?“U, *”Pa, ?*Pa and *”U respectively. °*”Fr has a half-life 
of 27°5 sec. and emits alpha-particles of 6:69 MeV.'”” ?°Fr has a half-life of 
0-02 sec. and emits alpha-particles of 7*30 MeV.*” Francium-218 has an 
estimated half-life (Geiger-Nuttall) of 0-005 sec.,*” and emits alpha-particles 
of 7°85 MeV. *’Fr has been described by Keyes; it emits alpha-particles of 
8+3 Mev.** 

A closed cycle calculation shows that **4Fr must be unstable to beta-decay 
by 3:04 MeV.,°*° so that it might be supposed that no other isotopes of half- 
life more than a few seconds, at most, could exist. However, an abrupt 
change in nuclear properties occurs in the heavy elements on crossing neutron 
number 128 and. between this value and 125 the alpha-disintegration energy 
decreases with decreasing mass number. Unexpectedly stable nuclei appear 
near neutron number 125 and such species have been found for francium. 


Francium- 212. 

Among the proton spallation products of thorium a francium isotope has 
been discovered having a half-life of 19-0 minutes.*** It disintegrates by 
alpha-decay (56%) and orbital electron capture. The alpha-spectrum shows 
6:409 MeV., 37%; 6:387 MeV., 39%; 6+339 MeV., 24%.*°? 


Francium-211 may al'so have a half-life longer than five minutes’** and there is 
some evidence that **°Fr and 7**Fr may have half-lives near one minute.** 

The systematics of alpha-decay in relation to francium isotopes have been 
discussed by Berthelot,*** Biswas,*** Glass**”? and Momyer.** Martin mentions 
712Fr as an exception to his relation between the period and %(A-Z) for alpha- 
emitters. **° 

The isotopes of francium have been reviewed by Spitsyn’” and Hyde.** 


CHEMICAL PROPERTIES OF FRANCIUM 


It is not to be expected that much information could have been obtained 
about an alkali metal which can be handled only in tracer amounts. Virtually 
all the chemical data refer directly or indirectly to the separation of francium. 
The earliest method of preparing actinium K separated the radioactinium from 
the parent actinium by co-deposition on a ceric hydroxide precipitate formed in 
the solution by hydrolysis. The species constituting the active deposit were 
separated on lead sulphide, and the actinium and actinium X were separated 
on a barium carbonate-lanthanum carbonate precipitate.**® An alternative 
method left the actinium K in solution, after precipitating lanthanum fluoride 
in the solution of the parent actinium. Scavenging by a ferric hydroxide 
precipitate was necessary to remove traces of actinium X. The products of 
both these separations are, however, contaminated with AcC’’, another beta- 
emitter, of 4°76 min. half-life.*%"** The decay curve for such material is 
shown in Fig. 1. 

Separation from the actinium C’’, an isotope of thallium, is effected by 
adding a thallous carrier and precipitating thallous chromate or sulphide, or by 
precipitating potassium tartrate in the solution. The product then displays a 
pure 21 min. half-life (see Fig. 1). The separation of actinium K, *Fr, from 
actinium has been carried out in two operations. Barium, lanthanum and 
thallium carriers were added to the actinium solution. The first two were 
precipitated by adding a slight excess of sodium carbonate and the last by 
adding potassium chromate solution. The actinium K in the remaining solu- 
tion is then concentrated by adding a caesium carrier and co-precipitating the 
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e@ before precipitation with tartrate 
+ after precipitation with tartrate 


AcK+ AcC 
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FIG. 1. DECAY CURVE FOR ACTINIUM K + ACTINIUM C’’ BEFORE 
AND AFTER PRECIPITATION WITH POTASSIUM TARTRATE 


actinium K on caesium perchlorate. Naturally it is not possible to produce 
weightless samples if caesium is used as carrier. Some attention has been 
given to the separation of francium from spallation targets of the decay 
elements. Caesium was added to the solution as carrier and the francium 
co-precipitated on caesium perchlorate in alcoholic solution. The perchlorate 
was ignited to the chloride, dissolved in water and scavenged by a ferric 
hydroxide precipitation; then caesium silicotungstate was precipitated in 6N 
hydrochloric acid solution, carrying with it the francium. This last operation 
effects a considerable separation from rubidium isotopes. | 

Hyde has shown how the above procedure can be modified to give weight- 
less products. The ice-cold solution of the target was saturated with hydrogen 
chloride and any precipitate removed and discarded. Three or four drops of 
0-4 M-silicotungstic acid solution were then added, and the precipitate was 
washed with cold concentrated hydrochloric acid and dissolved in water. This 
solution was run onto a 10 mm. x 4 mm. Dowex 50 column (250-300 mesh) and 
washed through at the rate of 0+5 ml./min. The column was washed with a 
little water and the francium eluted with concentrated hydrochloric acid. The 
separation took less than half an hour and the radiochemical purity of the 
product exceeded 95%, the principal contaminant being caesium activities. 
The rubidium/caesium ratio is reduced to one three hundredth of its initial 
value. As an alternative procedure the silicotungstic acid can be separated 
by ether extraction. The separation of francium by paper chromatography has 
been described,*** and it is reported that francium and thallium may be sepa- 
rated in this way. *™*° 


Co-precipitation Reactions. 

1. Perchlorate. Perey reports that 60% of the actinium K present co- 
precipitated on a caesium perchlorate precipitate. **° 

2. Picrates. 50% co-precipitation on caesium picrate was observed. *° 

3. Tartrates. Potassium tartrate precipitated in acetic acid solution 
does not remove francium from the solution, and this may serve as a method of 
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separation from potassium. ““° 
tartrate has been observed. *"° 
4. Platinichlorides. 


on caesium platinichloride, but Ac C”’ is also carried down.**° 


101+1 


Co-precipitation on the more soluble caesium 


Nearly complete co-precipitation of francium occurs 


5. Chlorobismuthite. Nearly complete co-precipitation of francium occurs 


on caesium chlorobismuthite, Ac C’’ being also carried down.” 
6. Chloroantimonite. Nearly 90% co-precipitation occurs 

chloroantimonite, with considerable separation from rubidium. ** 
7. Cobaltinitrite. 


the francium from acetic acid solutions. **° 


on caesium 


Sodium casium cobaltinitrite carries down most of 


Fractional crystallization of francium-containing caesium alum concentrates 


the francium in the less soluble portions. 


most stable known isotope, was too short for detailed studies.**° 


The half-life of actinium K, the 


The separation of francium on silicotungstic acid precipitates has been 


described above. *** 


Geochemical Aspects. 


Asimov has calculated that the earth’s crust contains 24+5 g. of francium.**” 
Cody has speculated on the contribution of francium to the radioactivity of 


the soil.** 


tion of the isotopes in nature.” 


Biochemical and Pharmacological Aspects. 


The element has been considered in connexion with the distribu- 


Perey and Chevallier have studied the distribution of francium injected 


into rats. 
glands and muscles were less than in other parts of the body. 


Concentrations in the kidneys, salivary glands, liver, lacteal 
The concen- 


tration in a methylcholanthrene tumor in the thigh of one of the rats was found 


to be twice the average value.**® Francium and 
in a benzpyrene tumor whereas °°Rb did not. 
Several reviews dealing with francium have appeared. *°?*°* 
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SECTION CI 


THE EFFECTS OF IONIZING RADIATION ON THE 
SALTS OF THE ALKALI METALS 


By H.G. HEAL 


HISTORY 


Early in the century it was noticed that cathode rays discolour and partly 
decompose some of the halides and oxyacid salts of the alkali metals. These 
observations were not followed up until some twenty years later, when the 
effects of ionizing radiation on the alkali halides began to be intensively 
studied. This work still continues actively, and though a great deal is 
known about these effects and their causes many puzzling problems remain. 
The study of radiation effects in salts containing polyatomic anions was 
taken up seriously about ten years ago, and is now a lively and promising 
field, though not far advanced. About the same time, the need for better 
methods of preparing radioisotopes stimulated an interest in the chemical 
effects accompanying nuclear transformations in solid salts. This interesting, 
if rather heterogeneous, field continues to account for a small but steady 
stream of publication. 


GENERAL DESCRIPTION AND CLASSIFICATION OF EFFECTS 


When they pass through an ionic crystal, nuclear particles, X-rays andy 
rayS can give rise to any or all of the following effects:- 

(i) Ionization and electronic excitation of the atoms of the crystal. This 
is the main effect of fast charged particles (i.e. electrons with energy exceeding 
a few hundred eV.; a-particles, protons and deuterons with energies of a few 
hundred thousand eV. or over), and also of X- and y-radiation, the energy of 
which is communicated to electrons in the act of absorption.*** 

(ii) Displacement of atoms from their normal lattice positions by elastic 
collisions in which part of the kinetic energy of the bombarding particle is 
communicated to the atom. If the energy so communicated is small (less 
than, very roughly, 25 eV.) the result of such a collision is merely to stimulate 
lattice vibrations that quickly die away. If it is greater than about 25 eV., 
the atom is likely to be forced out of its normal position into an interstitial 
position, creating a vacancy. 1227473%254 

(iii) Nuclear reactions. These are especially important in bombardments 
with thermal neutrons, which do not themselves give rise.to effects (i) and 
(ii). However, a nuclear reaction is generally accompanied by a recoil of the 
disintegrating atom, which may break chemical bonds or cause permanent 
atomic displ acements.**»7** 

Much of this Section (see pages 2523~—2560) is concerned with the conse- 
quences of electronic excitation and ionization, while a smaller part (see 
pages 2560—2566) deals with the chemical effects of nuclear transformations. 
In the present stage of development of the subject it is not necessary to take 
account of displacements of atoms by elastic collision separately, except in 
the special case of lithium fluoride (see page 2560), where a nuclear reaction 
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is involved. 

Seitz, in a theoretical analysis, has shown that the effects of ionization 
and excitation must, as a rule, greatly predominate over those of elastic 
collisions in an ionic crystal.7*° 1234 

Hitherto, nearly all irradiations have been performed with X-rays, y-rays, 
electrons of many thousands of volts energy, or heavily charged particles with 
energy of the order of 1 MeV. or greater. These radiations expend only about 
0-1% of their energy in elastic collisions, and the remainder in electronic 
excitation and ionization.”*%?** Heavy particles with considerably lower 
energy would expend a much larger fraction of their energy in elastic colli- 
sions; such particles have, however, been used very little in experimental 
work, because their low penetrating power makes it impossible to affect more 
than a thin surface film of the crystal. If the effects of elastic collisions 
were distinctive and characteristic, there might, nevertheless, be some hope 
of detecting them. Actually, however, at least one of the expected conse- 
auences of elastic collisions, viz. the formation of vacancies, also follows 
upon electronic excitation and ionization.?”»?5*?** It is quite likely also that 
interstitial atoms are formed by way of an ionization mechanism.*””’? The 
yield of lattice defects from the ionization and excitation processes is large 
and the few defects produced by elastic collisions cannot be separately 
recognized. In fact, except in the special case of lithium fluoride, (see page 
2560) no one has hitherto observed any radiation effect in an alkali metal salt 
which can with confidence be ascribed to atomic displacements by elastic 
collision.” 

Bombardment by fast neutrons is rather different.“ Fast neutrons 
expend a large fraction of their energy in producing atomic displacements, 
and the effects of these displacements upon the structure and physical pro- 
perties of metals and semiconductors have been extensively investigated!*°%” 
But scarcely any information has been published on the effects of fast neutrons 
in solid salts. One reason for this is that it is not easy to obtain a strong 
flux of fast neutrons free from other radiations (mainly y-rays); and after 
irradiations, e.g. in an atomic reactor, where both types of radiation are 
present, the effects of the other radiations would usually overshadow those of 
the neutrons. This problem does not arise with metals and semiconductors, 
for the effects of electronic excitation and ionization in these are transient 
and cease when irradiation ends, leaving only the atomic displacement effects, 
which can then be easily detected.*°’ 

To summarize the present situation: no experimental data exist upon 
which a discussion of atomic displacements by elastic collision in the salts 
of the alkali metals can be based, except for lithium fluoride. Apart from the 
discussion of lithium fluoride (see page 2560), elastic collision effects will 
therefore be disregarded, though it must be pointed out that studies of the 
action of fast neutrons on the alkali halides are in progress, and will probably 
give some information on elastic collision effects before long.**’”* 


230,234 


ELECTRONIC EXCITATION AND IONIZATION 


The electronic energy levels of the solid salts of the alkali metals consist 
of the ground levels; certain narrow bands of excited levels in which the 
electrons remain bound to their parent atoms, called ‘exciton bands’; and, 
_above these, a series of closely spaced levels called the ‘conduction band’, 
in which the electrons are not bound to particular atoms, and can move freely 
through the crystal,?””** conferring electrical conductivity. The existence of 
this system of levels is proved by the nature of the ultra-violet absorption 
spectra of the salts, in conjunction with their photoconductive behaviour: but 
there is no individual case in which we have any detailed knowledge of their 
arrangement. Fig. 1 shows the absorption spectra of a selection of potassium 
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FIG. 1. LONG WAVE-LENGTH END OF THE FUNDAMENTAL 
ABSORP TION SPECTRA OF A SELECTION OF POTASSIUM 
SALTS, 

THE RIGHT-HAND ABSORPTION BAND IN EACH CASE IS 
PROBABLY AN EXCITON BAND 
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salts, *?*°%?%5,217 In every case the spectrum begins, on the long wave-length 


side, with one or more separate bands. The first of these are believed to 
arise from excitation to ‘bound’ or ‘exciton’ levels. This has been proved for 
the alkali halides and potassium azide by showing that light absorbed in the 
first band does not give rise to photoconductivity;°%'"*** and it is accepted 
as the only likely explanation of the first peak in the alkali nitrates and other 
salts.*°?** Since the alkali halides become electronic conductors under the 
action of X-rays, there must be an ionization continuum at shorter wave-lengths 
than the first absorption band.’®?? There is no precise experimental evidence 
as to where this begins, but theoretical work indicates that in the alkali 
halides it probably commences about 1 eV. from the first absorption peak.”** 
Thus, some of the peaks shown in Fig. 1 probably lie in the ionization con- 
tinuum. 

Ionizing radiation raises electrons to all these excited levels at once. 
Even transitions which are optically ‘forbidden’ take place, with fair proba- 
bility, by the action of secondary electrons in the energy range 20-100 eV. or 
so.'** The immediate products of irradiation are therefore electrons in the 
conduction band, positive holes (i.e. places from which an electron is missing), 
and excitons of all possible kinds. 

All these entities are known to be able to migrate away from the places 
where they are generated. The relative mobilities of the electrons and holes 
in sodium chloride have been estimated in the following experiment.** A thin 
sodium chloride crystal was clamped between a pair of electrodes, which were 
used to maintain an electric field of 175,900 volts per cm. in the crystal. 
Alpha particles were directed into the crystal through the electrodes. Current 
pulses were observed only when the alpha particles entered through the 
cathode, i.e. only electron pulses were detected. This result does not rule 
out the possibility of some hole mobility, since the apparatus was working 
near the limit of sensitivity with a high noise background, but it is considered 
to show that the hole range was not more than about one fifth of the electron 
range.’** There is independent evidence, e.g. from the bleaching of V, centres 
(see page 2547) that holes released from traps in the crystal can travel at 
least a few atomic diameters. , 

The motion of an exciton is most easily visualized as the successive 
transfer of the excitation along a series of neighbouring similar atoms¢7%*7*s?? 
There is now much indirect experimental evidence that excitons move, though, 
in the nature of the case, direct experimental proof of their migration can 
hardly be expected.*** Seitz has estimated theoretically that excitons in an 
alkali halide may live as long as 10-° second before emitting their energy as 
light, and that in this time they could move through about 10’ ions, spending 
about 10°** second on each.*** Since no strong luminescence is observed 
when the alkali halides are irradiated with light in their first fundamental 
absorption band (an exciton band), the energy of excitons must usually be 
degraded into thermal vibration rather than radiated.*** An exciton travelling 
through 10’ ions has almost unit probability of enc ountering and being trapped 
at a lattice imperfection;*** consequently most excitons probably move until 
they are trapped, and then dissipate their energy in a burst of lattice vibrations 
at the trapping centre, unless this energy is used otherwise, e.g. in the 
formation of F centres (see page 2549) or the breaking of covalent bonds (see 
page 2555). Most of the experimental evidence on exciton migration in tonic 
crystals relates to alkali halides, but there can be little doubt that excitons 
migrate easily in the other salts. The ultra-violet photolysis of solid potas- 
sium azide has been shown to be a reaction between pairs of excitons which 
have migrated to lattice defects, and have there been trapped.*™ 

The trapping of electrons, holes and excitons at lattice imperfections is 
fundamental to the explanation of many of the observed effects of radiation in 
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ionic crystals. Empty lattice sites and dislocation lines in ionic crystals 
have net electric charges associated with them. Impurity atoms and inter- 
stitials may be charged, and in any case distort the lattice.’ Thus, most of 
these imperfections create potential wells which can function as traps for 
either electrons or positive holes, according to the sign of the charge on the 
trap. Neutral traps can also capture electrons in some circumstances (see 
under F’ centres, page 2544). The fate of electrons excited into the conduction 
band by ionizing radiation is as follows.- If they have considerable kinetic 
energy, they lose this to some extent by excitation of atoms, and to a large 
extent by elastic collisions with atoms, until it has fallen to a value com- 
parable with the potential energy of trapping. They may then encounter and 
unite with holes (often forming excitons), or be trapped at suitable lattice 
imperfections. Those holes which are not annihilated by electrons will also 
wander until trapped. - 

A question that has been much discussed, and is still more or less open, 
is whether electrons and holes may become ‘self trapped’,*7%77%35 Self 
trapping might conceivably occur in the following way. If an electron or hole 
came almost to rest, the ions around it would move to new equilibrium posi- 
tions in the electric field of the electron or hole and could so create an 
irregularity in the electrostatic potential of the lattice which might be capable 
of holding the electron or hole. - Actually there is no clear experimental 
evidence for self trapping, and calculations indicate that it is unlikely to 
occur under ordinary conditions in the alkali halides,°»?** 

An exciton can be treated as a coupled electron-hole pair,?** and on this 
view it is easy to see how excitons can be trapped at the same centres as 
electrons and holes. 
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COLOUR CENTRES IN THE ALKALI HALIDES 


When exposed to any kind of ionizing radiation, the alkali halides become 
visibly coloured. In prolonged irradiations the colour may become so dark 
that the crystals are practically opaque, unless very thin. The visible 
coloration, and the absorption in the near ultra-violet and near infra-red 
which the irradiated crystals also display, has been proved to be caused by 
light-absorbing units consisting of trapped electrons and holes, and of small 
aggregates of these, known as colour centres. 

Most of our knowledge of colour centres comes from studies of their 
absorption spectra, photoconductivity and optical and thermal transformations. 
In order to present concisely this large body of information, much of it rather 
controversial and still under active investigation, the phenomena are here 
described in general terms and without very much discussion of specific 
cases. Detailed information is provided in Tables I, II and III (see pages 
2528-2535) which give fairly complete references to the sources giving experi- 
mental methods, actual plots of absorption spectra and other numerical inform- 
ation, and information on particular substances. These Tables also summarize 
the principal facts about the constitution, formation and transformations of the 
centres. Tables IV to VII (see pages 2536—2537) give the peak wave-lengths 
of the colour centre absorption bands, so far as these are known, derived, 
wherever possible, from recent original reports of compilations. 

Two recent reviews afford much fuller information and discussion on many 
subjects which can only be touched upon here. **?** 

The optical absorption bands generated by irradiation of the alkali halides 
fall into three classes, electron bands, lattice bands, and hole bands. 


Electron Bands. 
These originate from the absorption of light in centres containing trapped 
electrons. One of them, the F band, was ihe first colour centre band to be 
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TABLE I.- ELECTRON BANDS IN 
THE ALKALI HALIDES 
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TABLE 1,- ELECTRON BANDS IN THE ALKALI HALIDES 


, F : ‘ Probable Nature 
D eee notte a = which of Absorbing Methods of Formation 
Centre 


All the alkali hal- e By heating crystal to 
ides except LiBr, ~6007r esi f 
Lil RbF. CsBr, CsI. cls Boer sey teeter ence 
For F band in LiF, 42) ing to room temperature 
see Refs. 23,45, 46, perhaps also 89, 123, 148, 153; 187,196 


86, 125-127, 149, 200, Irradiation with UV. in 
201 : tail of fundamental ab- 


Mixed alkali hal- | (M) ~|(Varley sorption band 5-7, 219, 
ides 80, 129, 164 | 271) | 239,242 
Alkali halides with : Irradiation with a-parti- 


hydride additions 2 For symbols see | cles 204 


107, 155, 156, 158, 196 Irradiation with protons 
Alkali nalidestwikme “lon esee 138, 139, 244 

divalent impurity Irradiation with B-parti- 
ions 26, 27, 30,101, cles 14, 15,56, 269 
189, 190,231 Irradiation with high 


energy electrons 272 
Irradiation with cathode 
rays 7,9, 146, 185, 204,235, 
239, 260 

Irradiation with X-rays at 
room temperature 28,53, 
96, 148, 158, 194, 201,218 
Irradiation with X-rays at 
low temperatures 28,44, 
46,53,58,59, 96, 125, 148, 
153, 155, 200 

Irradiation with pile 
radiation 23 

At cathode in electrolysis 
of crystals at high temp- 
eratures 90, 122,173 
Kinetics of formation 2, 
14, 15, 56,59, 96, 136, 137, 
149,151, 194, 203,218,269 
Occurrence in natural 
rock salt 204,239 


KCl 93,58, 99,123, Absorption pro- As for F band. Observed 

153,183 bably due to in crystals coloured by 

KBr 53,58, 59, 148, transition to excess metal 74, 123 

153 higher discrete X-Rays 28,53,58,59, 153 
K(Seitz 233) RbCl 164 levels of F Protons 244 
(V,)(L) centre 

| (Mott and 
| Gurney 173) 


LiF 23,45 Action of F light on F 
NaCl 188, 194 centres at temperatures:- 
KCl 52,60, 96, 153, below 25°C, in NaCl 188, 
188,191,196 194, 

KBr 52,59, 60, 148, below -68°C. in KCl 153, 
188,191 188,191, 196 

below -130°C. in KBr 59, 
188 

Direct action of X-rays:- 
below 27°C, in NaCl 194 
at - 195°C. in KCl 96,153 
at or below - 183°C. in 
KBr 59 

Formed in slow neutron 
irradiation of LiF 23 
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TABLE 1.- ELECTRON BANDS IN THE ALKALI HALIDES 


Thermal Transformations and 
Stability 


In crystals containing excess 
metal, F centres are in equili- 
brium with colloidal particles 
in the temperature range ; 
~ 300°C.-500°C.; they do not 
bleach at any temperature 167, 
184, 221-226 

In X-rayed crystals, F band 
bleaches completely on 
heating to 200-250°C. 59,96, 
149, 167,171, 201,218 

If X-rayed at liquid air temp- 
erature, bleaches partly on 
warming to room temperature 
28, 29,53, 156 

If X-rayed at liquid H, or He 
temperature, bleaches partly 
on standing at this temperature 
by ‘tunnelling’ 103, 152-154 


In crystals containing excess 
metal, F light converts F band 
to R,, R,, M and N bands at 
room temperature 187,223 and 
below room temperature, to F’ 
and a bands 52, 153, 188 

In X-rayed crystals, F light 
causes some bleaching and 
some transformation to M, R,, 
R, and N bands at room 
temperature J, 2,21,28,82, 103, 
149,152, 171,182 and to F’ 
band at low temperature 21, 
ia 


Probably as for F band, but no specific studies on K band 
recorded 


Reverts completely and rapidly 
to F centres (F —> 2F) abover 
25°C. in NaCl 188, 194 

-—68°C. in KCl 60,188 

- 130°C. in KBr 60, 188 

but stable at room temperature 
in LiF 80 


Reverts to F centres (F’ = 
2F) when irradiated with F 
light 59, 148,152, 191, 196 


; : Photoconductivity 
Optical Transformations and-tall Erfect 


Show photoconduc- | 
tivity falling with 
temperature down 
to - 200°C. 6,7.59, 
76,77, 106, 179~ 182, 
196,210,270 
Quantum effici- 
ency for freeing 
electrons up to I, 
dropping with 
temperature 

Hall coefficient 
has sign charac- 
teristic of elec- 
trons 206 


Photoconductivity 
observed. K is 
the only electron- 
excess band 
giving strong 
photoconductivity 
at - 185°C. , apart 
from F band 180- 
182 


Shows photocon- 
ductivity under F 
light even at very 
low temperatures 
32, 88, 196 

Quantum effici- 
ency for freeing 
electrons = 1 at 
all temperatures 
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Designation Substances in which 
of Band Studied 


LiF 23,45, 46, 125, 
126, 149, 200,201 
LiCl 

NaF 171,183 

NaCl 29, 149, 194, 
204 

KCl 29, 122, 139,171, 
223,225 

KBr 29, 181 

RbBr 171 


Probable Nature 
of Absorbing 
Centre 


(Seitz 229) 


M(Seitz 229) 
(C)(Petroff 
187) 


LiF 23,46, 125, 200, 
20 1,262 
NaCl 194, 204,262 


R,(Seitz 229) | KCl 29,74, 139, 171, 
(E)(Petroff 221,262 
KBr 181 


187) 


RbBr 171 


(Seitz 229) 


LiF 23,45, 46, 183, 
201,216, 262 

LiCl 183 

NaF 183 

NaCl 29,194,204, 
262 

KF 171 

KCl 29, 1395171, 221, 
262 

KBr 29,181 

RbBr 171 


R, (Seitz 229) 
(D)(Petroff 
187) 


(Seitz 229) 


Probably a com- 
bination of R 
and M and pos- 
Sibly other 
bands (Seitz 
233) 


No definite 
evidence 

See Ref. 253 for 
Suggestions 


es 
(Scott et al. 
224) 


NaCl 21,29 
KCl 29,197, 221-223 
KBr 21,29, 181 


N 
(Burstein and 
Oberley21/, 22) 
(G)(Petroff 

187) 


Refs.p. 2567 


102-1 


Methods of Formation 


Sometimes observed in 
crystals coloured by 
excess metal without 
further treatment 221,223; 
enhanced by irradiation of 
these with F light at 

first 187; but later 
diminishes 187 

Present in X-rayed 
crystals 29, 171, 194; 
enhanced by irradiation of 
these with F light 171, 
229 

In crystals irradiated with 
cathode rays 204 

In crystals irradiated with 
a-particles 204 

In crystals irradiated with 
protons 139 

In crystals irradiated with 
slow neutrons (LiF) 23 
Formed by electrolysis 


Not formed by X-irradia- 
tion alone 

Develops in X-rayed 
crystals or crystals con- 
taining excess metal when 
these are irradiated with 
F light at room tempera- 
ture 21, 29,74, 171,194, 
221,229 


As for R, band 


Action of light and heat 
together, at temperatures 
below 100°C., on KCl 
containing excess metal 
224 


In crystals containing 
excess metal 21,187, or 
in X-rayed crystals 29, by 
irradiation of F band with 
F light at room tempera- 
ture 

Formed weakly by X-ir 
radiation alone at liquid 
air temperature 21, 22,29 


102-1 


Thermal Transformations and 
Stability 


In crystals containing excess 
metal, exists in equilibrium 
with F centres at temperatures 
~ 600°C. 221,223,225 

In X-rayed crystals, bleaches 
completely at 200-250°C. 


Probably not stable at temp- 
eratures much above room 
temperature in crystals con- 
taining excess metal, Since it 
is not formed in conversion of 
F-— > colloid at ~ 300°C. 233 
In X-rayed crystals, bleaches 
completely at. 200-250°C., 


As for R, band 


As for R bands 


IONIZING RADIATION AND ALKALI METALS 


2531 


4 : Photoconductivity 
M light converts it partly to F 
centres and partly to R 
centres and N centres 13 
M centres with particular 
orientations selectively 
bleached by polarized M light 
267 


Shows photocon- 
ductivity with 
quantum effici- 
ency for freeing 
electrons “0-1 at 
room temperature 
Response de- 
clines with falling 
temperature 13, 
180-182 


Long believed not to bleach 
under irradiation with R, light 
229, but recent work casts 
doubt upon this 29, 194, 262 


Photoconductivity 
declining with 
temperature re- 
ported 179, 180- 
182 


As for R, band 


As for R, band 


Bleached by N light 187 


As for R bands 
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Designation Substances in which 
of Band Studied 


LiF 201 


NaCl 204, 214,224, 


239 
KCl 223,224,255 
KBr 224 


Probable Nature 
of Absorbing 
Centre 


Particles of 
alkali metal of 
colloidal size, 
visible in the 
ultramicroscope 


102:1 


Methods of Formation 


Formed in crystals con- 
taining excess metal when 
these are heated in the 
temperature range 250- 
500°C, 214, 221-226, 239, 


KI 224. 255 

Present in some speci- 
mens of rock salt 204, 214, 
239 

Not easily formed in ir 
radiated crystals, since 
they bleach at too low a 
temperature. But observed 
in pile-irradiated 276 and 
in strongly X-irradiated 
LiF after thermal an- 
nealing 201 

In electron-bombarded 
alkali halides 144 


Symbols:- +| negative-ion vacancy; ® trapped electron; o trapped hole; 
positive-ion vacancy 


TABLE II.- LATTICE BANDS IN THE ALKALI HALIDES 


Designation Substances in te sei 
of Band which Studied ene g 


NaBr 155, 157 Absorption due | Formed in crystals containing 
KCl to optical exci- excess metal, or in X-rayed 


Colloidal 


Methods of Formation 


KBr 44,58, tation of halide crystals, when F centres are 
LOZ LOO MLO ion next to a converted to F centres by F 
KI 43, 149, halogen-ion light at low temperatures 43, 44, 
a 155,197 vacancy 233 149,152,155 
(Delbeed RbBr Direct action of X-rays at low 
Pri fai RbI temperatures 43,44, 149,155, 157 
oe oe Alkali hal- In crystals containing hydride 
ae ; ae or ides with impurity, by irradiating U band 
? (U') hydride addi- with U light below - 100°C. (See 
tions (See page 2548, for refs. ) 


By irradiation of KI crystals 

with light in first fundamental 

band at -135°C. or lower 47 

In spectrum of highly disordered 

KI (evaporated layers) at low 
temperatures 149 


page 25948, for 
refs. ) 


Keli Absorption due Present together with, and pro- 


KBr 44,58, to optical exci- portional in size to, the F band 
ESD LOOnLas tation of halide in crystals containing excess 
KI 43, 149, ion next to an metal 43,155,157; also in X- 
D hovel ay F centre 233 irradiated crystals 43, 155, 157 


RbBr 155, 157 
Rb 150,157 


but alternative 
structure 


been proposed 
(Glasner & 
Tompkins 78) 


Symbols:- +| negative-ion vacancy; ® trapped electron; o trapped hole; 
positive-ion vacancy; 


Refs. p. 2567 


(Delbeca, 
Pringsheim 
and Yuster 
43,44) 
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- equilibrium favours increasing 


ee 
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f : Photoconductivity 
Optical Transformations and Hall Fffect 


No observations Weak photores- 
ponse resembling 
electron emission 
from metal sur- 

faces 77,179,224 


Thermal Transformations and 
Stability 


Above 600°C. almost complete- 
ly converted to F centres. At 
lower temperatures in thermal 
equilibrium with F centres; 


colloid concentration as 
temperature falls 223,224,255 


(mM) alkali metal atom; (x) halogen atom; italic figures are reference numbers. 


TABLE II,- LATTICE BANDS IN THE ALKALI HALIDES 


Optical Transformations 


Bleached with low quantum 
efficiency by a light at 

- 183°C. 155-157 

In hydride-containing crystals, 
this bleaching is accompanied 
by some generation of U 
centres 


Thermal Transformations and Photoconductivity 

Stability 
Disappears on heating above 
temperature of stability of F 
centres 233 


No direct exami- 
nation of photo- 
conductivity 
recorded: but 
irradiation in B- 
band causes 
strong surface 
photoelectric 
emission from RbI 
ANG. KES; Zo2,200 


Diminishes: proportionately to 
F pand when this is bleached 
by # light 155,157 


Presumably follows behaviour 
of F band 


() alkali metal atom; (@) halogen atom; italic figures are reference numbers. 
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TABLE III.- HOLE BANDS IN THE ALKALI HALIDES 


Probable Nature 
of Absorbing 
Centre 


_ (Seitz 
233) 


Designation Substances in 
of Band which Studied 


NaCl 29,58 


(e) 


KCl 22,29. 53. 
59-61, 153, 254 
KBr 22, 29,53, 


59,60, 152, interstitial halo- 
153, 155, 156 gen atom 

Mixed alkali (Varley 271) 
halides 192 


+| (Glasner 
and 
! Tompkins 
78) 


NaCl 1, 29,54, 
58 

Nal 265 

KCl 1, 29,53, 

54, 59,60, 153 

KBr 1, 22,29, 


53,54,59,155, | (Seitz 233) 


156, 158, 170 

KI 22,54, 169, 0 
170,263,265 +| (Varley 
Mixed alkali (x) 271) 


halides 192 


NaCl 29,54, 
58 

Nal 265 

KCl 29,53,54 
KBr 22, 29,53, 


54,60, 170 

KI 22,54, 169, 

170, 263, 265 (Seitz 233) 
Mixed alkali 

halides 192 (Varley 


KCl 53,60 
KBr 53,59, 60, 
TS20158, 155, 
156 

Mixed halides 
192 


(Seitz 233) 
interstitial metal 
ion 

(Varley 271) 


NaCl 58 
KCl 58,254 
KBr 58,152, 
H 153 


(Seitz 233) 


(Seitz 233) 
Hole trapped at 
interstitial halo- 
gen atom 
(Varley 271) 


positive-ion vacancy; 
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Methods of Formation 


By X-irradiation at temperatures 
~~180°C, 29,53, 59-61, 152, 153, 
155,254 (not formed at ordinary 
temperatures or at temperatures 
below -— 250°C. ) 

Alternatively, by X-irradiation 
below -250°C., followed by 
warming to ~-180°C. 152, 153, 
155 


Heating bromides or iodides in 
the vapour of the halogen 169, 
170 

(This method fails with chlor- 
ides 233) 

Action of X-rays at room 
temperature or below (most 
effective at about -40-C. in KCl) 
1,53,54, 58-60, 153, 155, 158 

By electron bombardment 29 
Formed at the anode in electro- 
lysis of crystals 263-265 


Heating bromides or iodides in 
vapour of halogen 169,170 

(This method fails with chlor- 
ides 233) 

Action of X-rays at temperatures 
down to about ~130°C. 1,29,53, 
54, 58,60 

By electron bombardment 29 
Formed at the anode in electro- 
lysis of crystals 263-265 


Action of X-rays at temperatures 
below room temperature 53,59, 
60, 152, 153,155 


Action of X-rays at -268°C. 58, 
152, 153,254 

(Not formed at liquid air temp- 
erature or above) 

By action of V, light on V, band 
at -253°C. 254 


negative-ion vacancy; ® trapped electron; o trapped hole; 
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TABLE III,- HOLE BANDS IN THE ALKALI HALIDES 


Thermal Transformations and ; } Photoconductivity 
Stability Optical Transformations iparamedel 


Bleaches above - 145°C, in Bleached by V, light at Photoconductivity 
KCl, 29,60,61,224 and above -185°C., with quantum yield not clearly de- 

- 158°C. in KBr 60, 224 only 0°05 29,60, 254 monstrated; 
Converted to H band by V, quantum effici- 
light at -253°C. 153 ency for freeing 
holes has been 
estimated as 
~0-01, andis 
certainly much 
lower than in the 
other V bands 254 


Stable at room temperature in In X-rayed crystals, readily Relatively strong 


X-rayed or additively coloured bleached by electrons released | temperature- 
crystals 29 from F centres by F light 233 dependent 
In X-rayed crystals, bleaches Bleached by V light but re- photoconductivity 


rapidly at 150°C. 29 covers on standing inthe dark | 254 


The most stable V band; In X-rayed crystals, not easily As for V, 
bleaches slowly even at bleached by electrons released 
150°C. in X-rayed crystals 29 from F centres by F light 233 
Bleached by V light but re 
covers on standing in dark 1 
Bleaches above -78°C, in KCl No information As for V, 


60 and above -27°C. in KBr 60 


Bleached by H light at -253°C. 
254 

Diminishes when F centres 
bleached by F light at -268°C. 
152 


Bleaches rapidly at liquid air 
temperature 58, 254 


No photoconduc- 
tivity 254 


(M) alkali metal atom; @ halogen atom; italic figures are reference numbers. 
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TABLE V,- LATTICE BANDS IN THE ALKALI HALIDES 
PEAK WAVEFLENGTHS IN MILLIMICRONS 


(All values calculated from data in ref. 247) 


Pa cree) |B ciarey 


TABLE VI.- HOLE BANDS IN THE ALKALI HALIDES 
PEAK WAVE-LENGTHS IN MILLIMICRONS 


Eeaam ie 


Maca 


(a) Ref, 29 
(6) Refs. 169, 170 
(c) Ref. 153 
(d) Ref. 58 
All other values come from Ref. 247 


TABLE VII.- WAVE-LENGTHS OF BAND PEAKS IN ALKALI HALIDES 
CONTAINING HYDRIDE AND DIVALENT CATION ADDITIVES (MILLIMICRONS) 
Z, at 
Z, at - 215°C, Z, at - 215°C, ~215°C, 
“additive: ? additive:- Baditive: 


Notes:- 

(a) All values from ref. 247 

(b) Ref, 189 

(c) Ref. 190, temperature - 203°C. 
(d) Ref. 190, temperature -207°C. 


discovered, and is nearly always by far the most prominent band in the spec- 
trum of an irradiated alkali halide. Since it usually lies in, or extends into, 
the visible spectrum, it is generally responsible for most of the visible 
colouration. In Figs. 2 to 7, illustrating various groups of bands, the F’ band 
is shown in every figure to serve as a point of orientation. 

The evidence that the F band is due to trapped electrons is overwhelming: 
it can be summarized as follows:- 

Besides irradiation, there are other methods of generating Ff centres which 
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KBr 
Measured at -183°C 


ABSORPTION COEFFICIENT 


VP 


3 2 1 
ELECTRON VOLTS 


Fig. 2, THE F BAND IN POTASSIUM BROMIDE COLOURED 
BY EXCESS METAL, AND THE F’ BAND OBTAINED BY 
BLEACHING THE F BAND WITH F LIGHT BELOW =130°C, 


give a strong clue to their nature. One such is ‘additive colouration’, also 
described as the incorporation of ‘excess alkali metal’ into the crystal. To 
achieve this, the crystal is heated in the vapour of an alkali metal at 600- 
700°C., and cooled suddenly to room temperature. Sudden cooling is needed 
to prevent the formation of colloidal metal in the intermediate range of tempera- 
ture (see page 2545). The wave-length of the F band developed in this way is 
identical with that of the F band formed by irradiation, and it is the same 
whatever the alkali metal used. This shows that the band is due not to metal 
atoms, but to electrons that are supplied by the metal and diffuse into the 
crystal, while an equal number of ions of the metal deposit on the surface of 
the crystal. 

A third method of generating FP centres is by electrolysis of the crystal at 
temperatures not far below its melting point. A cloud of F centres appears 
round the cathode, from which it is reasonable to suppose that electrons enter 
the crystal. The boundary of the cloud moves towards the anode as electro- 
lysis continues: this is interpreted as the migration of electrons from trap to 
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KBr 
Measured at — 183° C 


ABSORPTION COEFFICIENT 


1 
ELECTRON VOLTS 


Fig. 3. ABSORPTION SPECTRUM OF POTASSIUM BROMIDE COLOURED 
WITH EXCESS METAL, AND PARTLY BLEACHED WITH F LIGHT AT 
ROOM TEMPERATURE, SHOWING DEVELOPMENT OF THE & BANDS 

: AND THE M AND VN BANDS 


trap.’”* (At high temperatures, they are often released from the traps by 


_ thermal energy). 
Further evidence that the trapped charges are electrons comes from the 
_ Hall Effect: crystals containing F centres, when illuminated with light in the 
F band, become photoconducting, and have a Hall e.m.f. with polarity corres- 
_ ponding to negative current carriers.7°»°° 
In 1937 de Boer suggested that the traps at which electrons are captured 
to form F centres are negative-ion vacancies.** This suggestion has been 
generally accepted, for the following reasons:- 
Since the F band forms more easily than any other, the traps are more 
likely to be simple units than complex aggregates. The simplest conceivable 
- mode of trapping is, of course, self-trapping, but this is unlikely on theoretical 
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KBr 
Measured at— 183° C 


ABSORPTION COEFFICIENT 


2 
ELECTRON VOLTS 


Fig. 4. ABSORPTION SPECTRUM OF POTASSIUM BROMIDE COLOURED 
BY EXCESS METAL, SHOWING THE a AND 8 BANDS. THE a BAND 
HAS BEEN P ARTIALLY DEVELOPED BY PARTIAL BLEACHING OF 

THE F BAND WITH F LIGHT 


grounds, and it would be in conflict with the known facts about the equilibrium 
between F centres and metal vapour.*” Electron traps could not be negatively 
charged, they might be either neutral or positive. The traps from which F 
centres form cannot be neutral, for if they were, the centre would be nega- 
tive, and could not capture any further electrons, while F centres do, in fact, 
capture extra electrons to form F’ centres as described below. The traps 
must therefore be positive. The simplest positive trapping centres are 
negative-ion vacancies and interstitial positive ions. Both these imperfec- 
tions must be assumed to exist in ordinary alkali halide crystals; but detailed 
calculations have shown that in sodium chloride, for instance, the energy 
required to form an interstitial positive ion and associated vacancy (Frenkel 
defect) is about 2:9 e.V., whereas the energy required to form a pair of — 
vacancies of opposite sign (Schottly defect) is only about 186 e.V.*”? This 
means that the concentration of interstitial ions in thermal equilibrium must be 
very much lower than the concentration of vacancies. F centres form easily 
in well-annealed crystals, in which there must be far fewer interstitial ions 
than vacancies. Consequently the traps are most probably negative-ion 
vacancies. There is much corroborative evidence for this view, such as the 
formation of F centres from U centres (see page 2548), the behaviour of the a 
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KBr 
Measured at — 183°C 


ABSORPTION COEFFICIENT 


2 1 
ELECTRON VOLTS 


Fig. 5. ABSORPTION SPECTRUM OF POTASSIUM BROMIDE IRRADIATED 
WITH X-RAYS AT ROOM TEMPERATURE, SHOWING THE V, AND V, BANDS 


band (see page 2548) the expansion of the crystal during X-ray coloration (see 
page 2549)ete. There are, however, unexplained variations in the half-width 
of the F band, exceeding estimated experimental errors.°*?”* These have led 
some investigators to suggest that the band is composite, v.e. caused by 
absorption in more than one kind of centre.***?* For instance, some of the 
centres might consist of a neutral metal atom held in a halogen-ion vacancy, 
with a trapped electron.?” 

The absorption spectrum of the F centre is entirely consistent with the 
model just described. A halogen-ion vacancy in an alkali halide crystal can 
be regarded, as a rather crude approximation, as a charge of +e in a uniform 
dielectric medium: its potential field is nearly spherically symmetrical. 
Thus, the F' centre possesses a system of energy levels resembling that of the 
hydrogen atom. The lowest energy state is a Js state, and the F band arises 
from transitions from this state to the 2p state, which are optically ‘allowed’ 
(see Fig. 8).*7* This is the only optical transition taking place with high 
probability in the F centre.*”* The conduction band begins only a little way 
above the 2p level (see Fig. 8), but direct optical transitions from the ground 
state into the conduction band occur only with low probability.’7* The F band 
has a noticeable ‘tail’ on the short wave-length side (see Fig. 2): this may 
arise from such transitions.*’* There is also a ‘shoulder’ on the short wave- 
length side of the F band, called the K (formerly V,) band, which is not always 


Refs. p. 2567 


2542 RADIOCHEMISTRY 102-1 


KBr 
Measured at ~183°C 
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Fig. 6. ABSORPTION SPECTRUM OF POTASSIUM BROMIDE IRRADIATED 
WITH X-RAYS AT -183°C., SHOWING THE V,, V, AND V, BANDS 


clearly visible in published spectra. This has not been much studied, but in 
one detailed investigation was shown to maintain a constant ratio of intensity 
to the F' band over a wide range of degrees of darkening.”»*** It is therefore 
attributed to transitions from the ground state of the F centre to higher dis- 
crete excited states, occurring with relatively low probability’’»*** (see Fig, 
8). ; 

The small increment of energy required to raise an electron from the 2p 
level into the conduction band is easily supplied thermally. Consequently a 
strongly temperature-dependent photoconductivity appears when F’ centres are 
illuminated with F light. At temperatures near that of liquid air, this photo- 
conductivity practically disappears, but there is still a strong photoresponse 
in the K band, confirming the belief that the levels reached by absorption in 
this band lie very close to the conduction band or overlap it (see Fig. 8). 

Several calculations of the energy levels of an F centre have been 
made.***?4°759 The best of these give figures for the energy of the ]s-2p 
optical transition within 0:1 e.V. of experimental values.*** 

The fact that the band is a band, and not a sharp line, is a consequence 
of the broadening of the 2p level by thermal lattice vibrations. The breadth 
of the band is given by the formula:-*”* 


hAv = Vhv, kT, 


where Av = band width and v) = a frequency of the same order as that of the band. 
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peak of unknown 
origin KBr 
Measured at -268°C 


ABSORPTION COEFFICIENT 


2 
ELECTRON VOLTS 


Fig. 7. ABSORPTION SPECTRUM OF POTASSIUM BROMIDE 
IRRADIATED AT -268°C., SHOWING THE H BAND 


All the bands in the absorption spectrum of an irradiated alkali halide 
become broader with rising temperature. This hampers resolution of the bands 
to such a degree that in most recent investigations spectra have been mea- 
sured at the temperature of liquid air or even at that of liquid hydrogen. 

The concentration of F centres in a crystal can be determined from its 
optical absorption by a formula due to Smakula”** (but see Seitz’s comment”®’):- 


15m n x 
re“ny (n* 42) 

where NV = number of F centres per c.c.;_ m = electron mass; e = electronic 
charge; h = Planck’s constant; n = refractive index of crystal; W = width of 
the F band at half maximum, in electron volts; a = absorption coefficient of 
the crystal for light at the peak of the F band, in cm.~*; f = oscillator strength 
of the F band. The value of f is approximately 1, since the band arises 
almost entirely from a single allowed transition. A more accurate value for 
potassium chloride, 0-81, has been obtained by directly measuring*’* the 
concentration of Ff centres in a crystal coloured by excess metal by dissolving 
it in water and estimating the OH” formed in the reaction:- 


e+H,O-— OH + 4H,. 


This concentration was used in conjunction with the measured optical absorption 
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to determine f from Smakula’s formula. 
The bands other than the F band 

in an irradiated crystal have been 
divided (apart from the lattice bands; 
see page 2546) into trapped electron 
and trapped hole bands by the fol- 
2nd excited state of F lowing argument. Since irradiation 
| centre (reached by gives a hole for each electron excited 


A 
. light ab tion In 5 ‘ 
a8 ev ere eee bands and trapped, irradiated crystals show 


UMMM excited state of F both electron and hole bands. In an 

centre (reached by : ; aun 

: : absorption of light fe unirradiated crystal containing excess 

| band ) métal;*only-electron bands can be 
present; in an unirradiated crystal 
coloured by excess halogen, only 
hole bands can be present. In this 
way the F’, R, M and N bands have 
been identified as electron bands and 
the V, and V,; bands as hole bands. 
The V,,V, and # bands occur only in 
irradiated crystals, but are thought to 
be hole bands for less direct reasons 
(see page 2546). 

The. next. electron *band-etaane 
discussed is the F’ band. It de 
velops when the F' band is irradiated 
with F light below a limiting tempera- 
ture, which lies below room tempera- 
ture for most of the alkali halides 
(see Table 1, page2528). The inter- 
conversion of the Puand fy see ame 
most easily studied in crystals con- 
taining excess metal, since in these 
it is not complicated by the partial 
bleaching of the bands owing to 

Fig. 8. ENERGY LEVEL annihilation of electrons by holes (as 

DIAGRAM OF AN F happens in irradiated crystals). Fig. 
CENTRE IN KBr 2 (see page 2538) shows the F band in 
a potassium bromide crystal, coloured 
by excess metal, and the F’ band formed when the F band is destroyed by 
prolonged illumination with F light at a suitable temperature. At temperatures 
where the quantum yields are a maximum, a quantum of F light destroys two F 
centres and produces one F" centre. The process is reversible: a quantum of 
F" light destroy s one F’ centre and produces two F centres. The only likely 
explanation of these yields is that the F’ centre is an F centre which has 
captured an extra electron: the quantum of F light ionizes the electron off one 
F centre, and it is captured by another (forming an F’ centre), so that two F 
centres are destroyed. 

The R,,R, and M centres are best considered together. The “ band is 
often present in irradiated crystals and in those coloured by excess metal, 
without further treatment. It is enhanced by irradiation with F light at 
temperatures above the stability range of F’ centres, and can be partly 
teconverted to the F band by irradiating it with M light. Whenever the F and 
M bands are interconverted in this fashion, they lose in intensity: at the 
same time the R, and R, bands appear between them and grow with each 
interconversion. Fig. 3 (cee pares a shows this state of affairs. The R 
bands never appear in irradiated crystals until these have been treated with P 


Conduction band 


2°00ev 


Ground state of F centre 
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or M light. 

The constitution of the R and M centres has been elucidated by the 
following reasoning.*” The F and F’ centres exhaust the possibilities of 
trapping of electrons at a single vacancy. The R and Mcentres must therefore 
be built up. on aggregates of vacancies. Now on thermodynamical grounds a 
large proportion of the vacancies in alkali halides are believed to be associated 
in pairs, a negative-ion vacancy with a positive-ion vacancy.’” But there is 
probably no colour centre made up by trapping an electron at such a vacancy 
pair; for the energy changes involved are such that when the pair captures an 
electron it probably ejects a positive-ion vacancy, leaving an F centre,??”%* 
The only remaining possibilities for two-vacancy electron centres are pairs of 
negative-ion vacancies which have captured respectively one and two elec- 
trons.*” Those are identified with the R, and R, centres, for the following 
reason.*” They resemble in electronic structure the H} and H, molecules; 
hence the arrangement of energy levels in the two centres can be predicted by 
analogy. This leads to the expectation that when either centre is raised to 
its first excited state by absorption of light, the vacancies would separate. 
With the increase of internuclear distance, the energy difference between 
ground and first excited states would become very small, and the system 
would make a spontaneous transition to the ground state. Conseauently its 
lifetime in the excited state would be very short by comparison with, e.g., the 
life of an excited F centre, and it would be unlikely to receive the increment 
of thermal energy needed to take an electron into the conduction band. There- 
fore, these centres should exhibit no photoconductivity, and should not be 
bleached by light of the wave-lengths they absorb. This is, in fact, the 
reported behaviour of the R bands, though some doubts have recently arisen 
about their resistance to bleaching. 

The two-vacancy centres just described have also been held responsible 
for some bands in the ultra-violet, so far described by only two groups of 
investigators, and unfortunately called the ‘K bands’, though not, apparently, 
connected with the K band described earlier in this Section.’*7°%*° 

The structure given for the M centre in Table 1 (see page 2528) is the 
simplest structure not already postulated for F, F’, R, or R, centres. It 
explains the properties of the M band very satisfactorily. The energy levels 
of a centre having the postulated structure have been calculated for LiCl and 
NaCl; in the former case, the calculated energy of the M band peak differs by 
0-2 e.V. from the experimental value, and in the latter case the difference is 
much smaller.*** The calculations predict a second excited state ofthe 
centre with a corresponding optical absorption band in the near ultra-violet; 
this has not yet been thoroughly searched for.*** The fact that the M centre 
has less than cubic symmetry has been elegantly demonstrated in bleaching 
experiments with polarized light, which confirm the correctness of the model 
shown in Table 1.*°’ The crystal was irradiated with M light polarized in one 
of its principal planes. The drop in the strength of the i band was greatest 
when the measurement was made with light polarized in the same direction as 
the bleaching light, showing that M centres with a particular orientation had 
been selectively bleached. A further strong argument for this M centre model 
is the fact that a simple and plausible mechanism involving the migration of 
vacancies will explain how M centres are formed as one of the first products 
of the photoionization of F centres. 

The N band lies in the near infra-red. It is formed, like the M band, both 
by direct X-irradiation of the crystal, and also by the bleaching of F centres 
‘in crystals containing excess metal, but it is weaker than the M@ band. There 
is at present no reliable basis for choosing between several alternative 
structure s.7*° 

The ‘colloid’ band is a broad band in the visible caused by particles of 


>» 
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metal of colloidal dimensions scattered through the crystal. These can be 
seen with the ultramicroscope. The condition arises most easily in crystals 
containing excess metal, and is developed by heating such crystals between 
about 250°C. and 500°C. for some time, and then quenching. There is an 
equilibrium between F centres and colloid particles of various sizes. At 
temperatures of the order of G00°C., essentially only F centres are present; 
the metal is completely ‘dissolved’. With falling temperature the colloid band 
becomes stronger and the F band weaker, though the latter never disappears. 
Below about 250°C. equilibrium can no longer be reached in a measurable 
time. This makes it possible to ‘freeze in’ the equilibrium states corres- 
ponding to higher temperatures by sudden quenching to room temperature. It 
is seldom possible to generate the colloid band in irradiated crystals, for 
when these are heated to the temperature required for coagulation of the 
centres (250-300°C.) they usually bleach completely, because the electrons 
released thermally from their traps are annihilated by positive holes. How- 
ever, the colloid band is occasionally observed in crystals irradiated in 
atomic reactors. 

‘The interconversion of colloids and Ff centres presumably proceeds by way 
of aggregates of intermediate size. The M centres are probably among these, 
since they are often observed in crystals quenched from high temperatures; 
_ but the R and N bands do not form in crystals heated above 300°C.”** 

The absorption spectrum of the colloids can be satisfactorily accounted 


for on the classical Mie theory of the scattering of light by small parti- 
cles, 73:163:214,233 


The Lattice Bands. 

The a and B bands (also called ‘Greek’ bands) will here be termed ‘lattice 
bands’ because they are caused by light absorption, not in the colour centres 
themselves, but in ordinary lattice anions whose environment is disturbed by 
vacancies or F centres generated by irradiation. The excited state reached 
when light is absorbed in either lattice band is the same as that attained by 
absorption in the first fundamental band of the crystal, but is perturbed by the 
adjacent vacancy or F centre. Consequently the a and B bands lie right on 
the edge of the first fundamental band (see Table V, page 2537), either close to 
or beyond the short wave limit of ordinary spectrophotometers. 

The B band is present in crystals coloured by excess metal, and cannot 
therefore be a hole band. It is comparable in size with the F band (see Fig. 
4, page 2540), and increases and diminishes in strict proportion to the F band 
when this is generated or bleached.**** For this reason it is attributed to the 
absorption of light by a halogen ion immedi ately adjacent to an F centre.”** 

When F centres are converted to F’ centres by irradiation with F light, the 
a band develops in proportion to the F’ band. The spectrum shown in Fig. 4 
is such as would be observed when the F’ band was partly converted to the F’ 
band in this way. The a band disappears along with the F’ band when the 
latter is destroyed by heating. It could, therefore, be connected either with 
the F’ centres themselves, or with the halogen ion vacancies simultaneously 
formed when F centres are converted to F’ centres, The latter explanation 
must be correct, for the a band is observed in circumstances in which the 
F" band is very weak or absent.*** For example, it develops in crystals 
irradiated with X-rays at very low temperatures, which have practically no F’ 
absorption. It has also been detected in the spectrum of a highly ‘disordered’ 
potassium iodide film made by condensing the vapour on a surface at -190°C.*” 


The Hole Bands (see Tables III and VI). 

Apart from a few experiments some twenty years ago, the hole bands were 
not seriously studied until recently. Consequently the models for the hole 
centres shown in Table III are more controversial than those already discussed 
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for the electron centres. One of the chief obstacles to the investigation of 
the hole centres is that the simplest, the antimorph of the F centre, (at present 
identified by Seitz with the V, centre) appears not to be stable much above 
liquid air temperature. 

The V, and V, bands are probably the only bands stable at room tempera- 
ture. They form under irradiation at room temperature, and can also be 
developed by absorption of halogen into the crystals at high temperatures. 
For reasons unknown, the latter method works only with bromides and iodides, 
and not with chlorides, though the bands can be developed in chlorides by 
irradiation. In the electrolysis of crystals at high temperatures, V, and V, 
centres form at the anode and migrate towards the cathode. These facts 
leave no doubt that the V, and V, bands are due to trapped holes. The 
centres responsible for these bands are believed (Seitz) to be built on pairs of 
poSitive ion vacancies, since the concentration of halogen (as V, and V, 
centres) in a crystal is found to be proportional to the first power of the 
pressure of the diatomic halogen gas around it.*°*7%%* In other words, they 
- are probably antimorphs of the R centres. That having two trapped holes 
would be neutral, and should therefore easily be bleached by any free elec- 
trons in its vicinity. The other, however, with one trapped hole, would have 
a net negative charge, and should repel electrons and resist bleaching by 
them. Evidence that hole centres with these properties exist in X-irradiated 
crystals at room temperature is provided by the bleaching behaviour of F 
centres in such crystals. These F centres consist of a ‘soft’ component 
which bleaches easily under F light, and a ‘hard’ component which bleaches 
much more slowly.”** It is not likely that there are really two different kinds 
of F centres; more probably, the rapid bleaching occurs while there are 
neutral hole centres available to accept the photoelectrons from the F centres, 
and the slow bleaching when only negative hole centres are left. Accepting 
the view that the V, and V, centres are antimorphs of the & centres, the next 
problem is to determine which of them has one trapped hole and which two. 
Unfortunately there have been no detailed studies to find which V band 
bleaches first when the F band is illuminated, but in work on thermal bleaching 
of irradiated potassium chloride, the V, band has been found to bleach faster 
than the V, band. Consequently the V, centre is provisionally assigned two 
holes and the V; centre one hole.*** 

Neither the V, nor the V, band (see Fig. 6) has been found with certainty 
in crystals coloured by excess halogen: they appear in crystals irradiated 
with X-rays at about liquid air temperature. The V, band is shaped like the F 
band; and V, centres, on irradiation with V, light at low temperatures, give 
only a small yield of free holes, which may be compared with the low photo- 
conductive yield from F centres at these temperatures. Consequently the /, 
band is ascribed by Seitz to the antimorph of the F centre, i.e. a hole trapped 
at a poSitive ion vacancy.”** The structure given for the V, centre in Table III 
is largely speculative at present.** Both V, and V, bands disappear on 
warming to room temperature. 

It is not yet certain that the centres numbered V,, V,, V, and V, in potas- 
sium bromide have the same structures as those correspondingly numbered in 
potassium chloride.*** 

The H band (see Fig. 7) is a prominent band which appears instead of the 
V, band, and at nearly the same wave-length, when potassium chloride and 
bromide are X-rayed at the temperature of liquid hydrogen or liquid helium. It 
is not formed at liquid air temperature, and bleaches rapidly on warming to 
this temperature. Seitz has shown that his model for this centre (a hole 
trapped at a pair of vacancies of opposite sign) satisfactorily accounts for its 
instability.” 
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Impurities and the Formation of Colour Centres in the Alkali Halides. 

Until recently, the potential importance of impurities in the formation of 
colour centres was insufficiently appreciated.*” In typical investigations of 
colour centres, the concentrations of ‘centres are of the order of 10** to 10%” 
DerACiGes similar to that for impurity atoms in the crystals, as shown by 
spectroscopic analysis and by ionic conductivity.°%?™ 

Some investigators believe that an absolutely pure crystal would not 
darken at all when exposed to X-rays.”” Even on a more conservative view, 
there remains the possibility that impurities may play an important part in the 
generation of colour centres. Unfortunately, the preparation of single | crystals 
purer than the best used hitherto is a major experimental problem.** As an 
alternative approach, impurities have been deliberately added and their effects 
studied. These investigations have given two principal results. Firstly 
impurities increase the rate of darkening of crystals under irradiation?! ads 
Both’ anionic impurities (O-, S~) and cationic impurities (Carly Sct? Batt, 

Cd**) have this effect.?” In the presence of divalent anionic impurities, 
there must be extra anion vacancies equal in number to the impurity atoms in 
order to preserve electrical neutrality. This higher concentration of electron 
traps may account for the increased rate of formation of F' centres. Similarly, 
a poSitive ion vacancy must be present for each divalent cation: these 
vacancies presumably trap holes formed by irradiation, so that the rate of 
recombination of holes and electrons is reduced, and F centres are formed 
more quickly. Secondly, the absorption spectra of crystals containing im- 
purities show new absorption bands not found in the pure alkali halides, 
Some of these bands appear when the impurity is added, and others develop 
upon subsequent X-irradiation. A great deal of work has been carried out on 
the absorption spectra of phosphors made by adding traces of heavy metals to 
the alkali halides. This work is concerned only to a limited extent with the 
effects of ionizing radiation, so it will not be described here, but a full and 
up-to-date bibliography is available.’ Here only the effects of adding 
hydride or alkaline earth ions will be discussed. 

Alkali halides containing a few parts per million of hydride, and 
not further treated, show a strong ultra-violet absorption band, the U 
by carn hy 22804940 508075824,155,5565158,105,196,257 This can also be seen in some published 
spectra of crystals coloured by excess metal, in which it arises from hydrogen 
impurity. Since the lattice constant of potassium bromide decreases linearly 
with the amount of hydride added, the hydride is believed to go into solid 
solution, H” ions replacing Br° ions in the lattice.*°®'7* When the U band is 
lilumiseced with U light at room temperature it bleaches and the F band 
develops instead. 104,108 108,124,185,373,287 The quantum efficiency of this conver- 
sion at a given temperature is not the same for crystals containing deuteride 
as for those containing hydride; conse quently the movement of atoms is 
thought to be involved in the process.” 124,178 Light is probably absorbed in 
a hydride ion, exciting one of its electrons on to the neighbouring metal 
atoms. *7 33 The hydrogen atom remaining then diffuses out of its site, 
leaving a negative ion vacancy, which then recaptures the electron originally 
excited away to form an F centre. The same transformation can be brought 
about by X-rays at room temperature.**"*? Below -100°C., irradiation with 
X-rays gives a-centres instead of F’ centres.*°° This can be explained only 
on the rather unsatisfactory hypothesis that the whole H™ ion leaves its site at 
low temperatures.” 

Turning to the extra ab sorption bands observed in alkali halides containing 
calcium, strontium or barium ions, the wave-lengths of the band peaks are 
given in Table VII. Sodium chloride, with calcium or strontium added, 
coloured by excess metal and quenched, apaee in addition to the usual F band 
a new band, Z,, lying close to the F band.*°**°° Potassium chloride with 
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the same impurities, but cooled slowly after colouring with excess metal, 
shows a similar band, **9%?8° 

Under F’ or Z, light these bands fade, and are replaced by the Z, band in 
the same spectral region.*®”” Z, is not bleached by Z, light at room tempera 
ture. 

If sodium or potassium chloride containing the divalent impurities is 
irradiated with X-rays, only the F band develops, but this is converted to the 
Z, band, as in crystals coloured by excess metal, when it is irradiated with F 
light. 77°49 The formation and properties of the Z, band recall those of the 
R bands in ‘pure’ alkali halides. Seitz has proposed models for the Z 
centres, 7** 


The Mechanism of Formation of Colour Centres. 

To determine how colour centres are formed, it is necessary to know 
firstly, the source of the electrons and holes, and secondly, how the vacancies 
originate. 

It is clear how electrons in the conduction band and holes can be trapped 
by vacancies. It is more surprising that F centres are formed, with a quantum 
yield at first approaching unity, by absorption of light in the first fundamental 
absorption bands of the alkali halides (see Table 1). Since this light does 
not cause photoconductivity, it must be assumed that excitons can also form F 
centres:** Presumably, when an exciton is captured at a halogen ion vacancy, 
the electron remains as an F centre and the hole moves away.*** The high 
quantum efficiency of this process proves that excitons must migrate easily.*** 

The origin of the lattice vacancies required for colour centre formation has 
been much discussed. It now seems clear that they are in part present in the 
crystal before irradiation, but that many, often nearly all, of the colour centres 
develop in vacancies that are actually generated during irradiation. The 
vacancies present before irradiation arise from two causes: some are there to 
preserve electrical neutrality in the presence of divalent impurities: others 
may be there (if the crystal was grown from the melt) because alkali halides ar 
their melting point contain about 10°* mole fraction of vacant lattice sites in 
thermal equilibrium, and many of these become ‘frozen in’ as aggregates on 
cooling.”**»*** Seitz has outlined a sequence of events by which Ff, M and R 
centres could be generated following the trapping of electrons and holes at 
aggregates of vacancies.*” This mechanism involves the migration of 
vacancies and vacancy pairs for short distances at room temperature, and is 
consistent with the activation energies for vacancy migration deduced from 
measurements of ionic conductivity and from theory.*” It is certainly not 
possible, however, to account for all the phenomena of colour centre formation 
solely by means of vacancies already present in the unirradiated crystal. 
Table VIII gives colour centre concentrations up to 5 x 10” per c.c. as 
obtainable by electron bombardment in single crystals of sodium and potassium 
chlorides; this is higher than any likely concentration of vacancies (the 
vacancy concentration in well-annealed sodium chloride has been estimated by 
comparing the actual density with the theoretical density computed from the 
X-ray lattice parameter and molecular weight: it is about 8 x 10** vacancy 
pairs per c.c.).7°»"** This result suggests that many vacancies are produced 
during irradiation. This is convincingly proved by the recent discovery that 
alkali halides expand during irradiation. There is a decrease in density, and 
also an increase in linear dimensions. The data relating to volume changes 
are collected in Table VIII together with information on colour centre concen- 
trations, where available. In the four investigations in which both colour 
centre concentration and expansion have been measured, the number of F 
centres per c.c., measured optically, agrees quite well with the number of 
extra vacancy pairs per c.c. generated during irradiation, as calculated from 
the volume change. The results of Sakaguchi and Suita show that the 
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TABLE VIII.- ENERGY CONSUMPTION AND MAXIMUM ATTAINABLE 
CONCENTRATIONS IN THE GENERATION OF F CENTRES 


Reference 
and Date 


Energy 
consumed 
per F 
centre 
formed 
_(e.V.) 


Whether 
irradiated 
to ‘satu- 

ration’ 


Pater KCl electrons 
(1951) 185 | Nacl 5-15 kV. 


Treitl 
(1953) 260 


Ester- 
mann, 
Leivo and 
Stern 
(1949) 63 


Hacskay- 
lo and 
Groet- 
zinger 
(1952) 90 


Hacskay- 
lo and 

Otterson 
(1953) 91 


Hacskay- 
lo, Otter- 
son and 
Schwed 
(1953) 92 


Sakaguchi 
and Suita 
(1952) 212 


Platt and 
Markham 
(1953) 194 


Lin and 
Russell 
(1955) 142 


(1955) 142 
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KCl 
rock 
salt 


NaCl 


Nacl 


Nacl 


Nacl 
KCl 
KBr 


Nacl 


electrons 
10 kV. 


soft 
X-rays 


soft 
X-rays 


soft 
X-rays 


soft 
X-rays 


soft 
X-rays 


soft 
X-rays 


soft 
X-rays 


= = 
om ae 


Probably 


+ 


Probably - 
not 


Limiting 
number of 
F centres 
per c.c. 


eee eRe ION SE) Tee Ae 
4.58x 107° 


| = las 10°” 
5x 10” 


6: 2x 102” 
(average) 


Within 
30% ofthe 
number of 
vacancy 
pairs 
(estimate, 
Ref. 233) 


~ 2x 10% 


(estimated 


very 
roughly 
from data 
given in 
this ref.) 
39x 10*° 


20x 107° 


Limiting num- 
ber of vacancy 
pairs per c.c. 
and method of 
measurement 


11-0 10°” 
(average) 
(density) 


18x 10** in 
normal state 
128~x 107° in 
metastable 
state induced 
by electroly- 
sis (density) 


27x 10*8 
(density) 


25x 10% 
(density) 


Bea Che (bo 
(Estimate 
quoted from 
Ref. 233) 
(change of 
length) 


4. 1x 10*° 
(change of 
length) 


21x 10*°,2 


Jereae 
16°CTYS 
66x 10 tals 
(change of 


length) 
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TABLE VIII (continued) 


Energy | es # 
consumed | Limiting pati 
Reference per F number of amciore a 
and Date centre | F centres sae mEtRORTOE 
formed 


(e.V.) measurement 


———————e—ee—————— ————eEEE=EeEeEh]'Ci)OC)C) EEE 


Harten hard from 120 | 6x 10*° at 
(1949) 96 X-rays e.V. at 20°C. 
room 4x 10°° at 
temper a- 
ture to 
~ 2000 
e.V. at 
- 183°C. 
Schneider | KCl hard No initially 
(1951) 218 X-rays 18 e.V., 
rising to 
about 53 
Mador, Nacl hard Yes Tx 10 ito 
Wallis, X-rays Dei: 
Williams varying 
and Her- | with 


man sample 


(1954) 149 


Alger and 
Jordan 
(1955) 2 


KBr No figures 
given, but 


saturation 


creasing 


with F centre 

tempera- | concentra- 

ture tion in- © 

down to creases 

-193°C. | with radia- 
tion 


intensity 


Drexler 56 | rock B-rays 
salt ea 450 


Belar radium Yes 

(1923-6) Bry 

14,15 increasing 
with 
intensity 

Urbach natural Be ~ 0+ 2x 102” 

(1926) 270 | KCl B+ y 


Leitner rock hard 
(1936) 136 X-rays 
Ra al 


Ra y-rays 


~ 12x 10” 
(birefringence 
of non-uni- 
formly 
irradiated 
LiF) 


~4~ 10?” 
(density) 
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Not - 2x 107° 
stated 


high 
energy 
deuterons 


Primak, 
Delbecq 

and Yuster 
(1955) 199 


Leivo KCl 360 MeV. 
C1955) 157. protons 


Not 
stated 
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TABLE VIII (continued) 


Energy 
Whether consumed 
irradiated per F 
Radiation to ‘satu- centre 
ration’ formed 
wv Sea com | | _(e. Vi Da 


Limiting num- 


Limiting ber of vacancy 


Reference number of pairs per c.c 
and Date F centres ‘of 
Sea and method of 


measurement 


~ax 10" at 
50°C. 
(density) 


chowski 
(1954) 109 


400 MeV. Not. F centre 

protons stated concen- 
tration << 
vacancy 
concentra- 
tion after 
proton ir- 
radiation, 
but sub- 
sequent +- 
irradiation 
gives high 
density of 
F centres 


rock Qa rays ~ 2x 10" 
salt 


Note: All figures are for temp eratures near room temp erature unless otherwise stated. 


Wieninger 
and Adler 
(1950) 
280, 281 


expansion starts at the beginning of the irradiation, so that the generation of 
vacancies under irradiation probably occurs irrespective of the initial presence 
of vacancies in the crystal.”*”** It should be noted that the expansion takes 
place under irradiation with soft X-rays, which cannot cause atomic displ ace- 
ments by elastic collision in appreciable numbers.”* The generation of 
vacancies must therefore be a consequence of ionization or excitation or both. 
The most likely source of the vacancies is the edges of incomplete lattice 
planes :(dislocations).7°* . These planes can. extend themselves. by adding on 
at their edges ions derived from the neighbouring perfect crystal planes. The 
removal of ions from these perfect planes leaves vacancies, which at ordinary 
temperatures can diffuse away from the dislocation.*** Seitz has suggested 
that the capture and annihilation of excitons at the dislocations would create 
‘thermal spikes’ Adan Ge localized regions of high temperature) which could cause 
vacancies to ‘evaporate’ from the region of the dislocation.”*?”** At liquid 
helium temperatures there is effectively no thermal diffusion, and the colour 
centres, if formed in this fashion, would be thickly clustered about the dis- 
location planes. Such clusters mi ght be seen with the microscope, but no 
such searches have been reported.*** The bleaching of colour centres formed 
at liquid helium temperature supports the belief that they are clustered.’*?7*7%? 

The mechanical properties of crystals are very sensitive to changes in 
their vacancy and dislocation pattern, and might be expected to change in 
conse quence of irradiation if the ideas just described are well founded. Such 
changes do occur. The hardness of sodium chloride increases by a factor of 
two under bombardment by protons, electrons or X-rays.’”77%77%*78 = Its yield 
stress and Young’s modulus increase, and its internal friction dimini- 
shes,7¥7%91195197,278 These effects are attributed to the ‘pinning’ of disloca- 
tions by clusters of vacancies generated during irradiation. (See also refs. 
150 and 186 for effects of irradiation on self-diffusion and ionic conductance). 

Plastic flow increases the concentration of vacancies in alkali halides, as 
shown by an increase in the ionic conductivity. It also increases the rate of 
darkening by X-rays,**?° 
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Varley has described an alternative mechanism by which vacancies might 
be formed under irradiation; the consequences of this have not yet been fully 
examined.*”'’* Halogen ions might lose seyeral electrons, so acquiring a 
positive charge, become unstable in their normal lattice positions for electro- 
Static reasons, and so be expelled into interstitial positions, leaving vacancies. 
The defects formed in this way are Frenkel defects, in contrast to the Schottky 
defects formed by the dislocation mechanism. It is possible to distinguish 
experimentally between these two types of defect by the kind of lattice 
expansion they cause.” If the defects are of Frenkel type, the proportionate 
change in X-ray lattice parameter should equal the proportionate change in 
linear dimensions of the crystal; if they are of Schottky type, the change in 
lattice parameter should be much smaller than the change in linear dimensions. 
Unfortunately, no comparison has yet been made of changes in density and 
X-ray lattice parameter on the same crystal, except for lithium fluoride (see 
page 2560) where the defects are probably the result of elastic collisions. But 
in the one study so far made of the change in lattice parameter in potassium 
chloride, this was found to be very much smaller than the change in linear 
dimensions observed by other workers under similar conditions, suggesting 
that Frenkel defects are few compared with Schottky defects,*° 

The studies so far published on the energy consumption in formation of FP 
centres have not revealed any clear and consistent picture. Since the ioniza- 
tion threshold in the alkali halides is about 10 e.V., and the energy of an 
exciton is rather less than this, one would expect a yield of the order of one F 
centre per 10 e.V. if the energy expended in the crystal were fully utilized. 
Some actual results on ‘pure’ alkali halides are given in Table VIII. These 
show that the hypothetical maximum efficiency is never achieved, but the 
variations in actual energy consumption per Ff centre are enormous. This is 
not surprising when it is remembered that relatively slow thermal processes 
(the diffusion of vacancies) are involved in the formation of colour centres, 
and that spontaneous thermal bleaching, and bleaching by the radiation itself, 
take place while the centres are being formed. 

With regard to the kinetics of F centre formation, there is general agree- 
ment about the following facts. The rate of formation of centres drops as 
irradiation continues, a ‘saturation’ or ‘limiting’ concentration eventually 
being attained. This limiting concentration increases with the intensity of 
the radiation: the increase has been directly demonstrated in the experiments 
of Belar and of Alger and Jordan (see Table VIII), and is also evident in the 
fact that the highest concentrations of F centres recorded have been achieved 
with the least penetrating radiations (cathode rays, soft X-rays and deuterons 
- see Table VIII), which give the highest local rates of energy absorption. 
The rate of formation of F centres drops with temperature between +60°C. and 
—253°C.°® The drop is at least partly due to the fact that, at temperatures 
well below room temperature, @ centres form, instead of F centres, in such 
numbers that the total production of centres of both types varies little with 
temperature.**’ This is an interesting demonstration that the formation of 
negative ion vacancies by irradiation, and their filling with electrons, are 
essentially independent processes. 

An upper limit is set to the concentration of colour centres obtainable 
under irradiation by the fact that the trapped electrons can ‘tunnel’ through to 
the trapped holes, and annihilate them, when the two types of centre are close 
enough together.*”?** Calculation shows that ‘tunnelling’ should become 
important in the concentration range 10” to 10” centres per c.c.*°*7*? The 
highest concentrations of F centres experimentally attained (by cathode ray 
bombardment of potassium chloride - Table VIII) are about 5 x 10” per ac, 
corresponding to a degree of ‘decomposition’ of about 0+3%. Halogen could 
escape only from the surface layers of an irradiated crystal, so that there is 
usually no appreciable change in the bulk composition of a crystal during 
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irradiation, and the crystal returns to its original chemical state when bleached 
by heating. However, intense surface irradiation of lithium, sodium and 
potassium chlorides with protons does leave a film of metal, presumably owing 
to loss of halogen. ***”* 


Band Wave-lengths and Lattice Constant. 

Several empirical relationships between the lattice constants of the alkali 
halides and the wave-lengths or frequencies of the various colour centre peaks 
have been suggested, **9*"19:713| The most recent work is by Sauvenier, who”* 
has critically examined earlier proposals. He states that the equation Ed” = 
C, where E is the energy of band peak in electron volts, d the lattice para 
meter in A., and C and n are constants, fits well the experimental data on F, 
M, a, U and R, bands. Values of n in the neighbourhood of 2+1, and of C near 
21, fit the F bands and R, bands in all the halides. For the M and U bands, n 
is about 1, and for the a bands about 0-2. Sauvenier’s paper includes a table 
of the best values of n and C for the bands mentioned, in various groups of 


alkali halides. 


Chemical Behaviour of Irradiated Alkali Halides. 

In one series of investigations, solutions of irradiated sodium chloride in 
water have been shown to be slightly alkaline and to have oxidizing power.’*”? 
This behaviour may evidently be described in terms of the presence of ‘free 
sodium’ and ‘free chlorine’ in the crystals, but these terms are hardly legiti- 
mate, since the colour centres are not identical with sodium atoms and chlorine 
molecules. The reactions taking place upon dissolution are probably:- 


(1) e+4L 0s OH + Hy 
(2)aat CS Gt 


(where hk represents a positive hole) giving equal numbers of hydrogen and 
chlorine atoms. (For discussion of the subsequent reactions, it is convenient 
to quadruple both these equations). A hydrogen atom stands equal chances of 
finding another hydrogen atom or a chlorine atom. The following equations 
therefore represent the formation of secondary products in the correct propor- 
tions:- 


x 4 


G) Hi 4, 
(4) 2H+2Cl —. 2Ht + 2Cl” 
(5) 3Cl-+ 1.0: — HT Gy HOG. 


The four OH” ions from (1) are then neutralized, three of them by H*t ions 
from (4) and (5) and the other by the HOCI from (5). The end products are 
therefore H, + 3Cl° + ClO’. The ClO” is responsible both for the oxidizing 
power and for the alkalinity of the solution (the latter because hypochlorous 
acid is very weak and the reaction ClO’ + H,O — HOCI + OH’ is appreciable). 
If this schemé is correct, there should be two equivalents of oxidizing power 
for every four trapped electrons, and a comparatively small amount of alkalinity 
determined by the dissociation constant of hypochlorous acid. The actual 
numbers of colour centres were not determined in this work, but the numbers of 
vacancy pairs generated during irradiation were estimated from the change of 
crystal density. The results for strongly X-irradiated sodium chloride were:- 


25 + 6x 10°’ vacancy pairs per c.c. | 
15 + 4x 10°’ ‘free chlorine atoms’ per c.c. 
3 x 10°’ ‘free sodium atoms’ per c.c. 


If we make the plausible assumption (to some extent supported by data in 
Table VIII) that the number of trapped electrons equals the number of vacancy 
pairs, the trapped electrons stand in about the expected ratio to the oxidizing 
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power. The alkalinity (‘free sodium atoms’) is also present in about the 
expected amount. 

There are no other detailed reports on the chemical behaviour of irradiated 
alkali halides. In general one would expect the trapped electrons to reduce 
any reducible substances present during dissolution, and the holes to oxidize 
any oxidizable substances present. The electrons and holes might also 
initiate polymerization in solutions of monomers. 


EFFECTS OF ELECTRONIC EXCITATION AND IONIZATION 
IN SALTS CONTAINING COMPLEX ANIONS 


Colour Centres. 

Centres analogous in structure to those described for the alkali halides 
would be expected to form, during irradiation of salts containing complex 
anions, by the trapping of electrons and holes at lattice vacancies. The 
wave-length of the F band in the alkali halides depends mainly on the lattice 
constant; consequently the F band in salts of the formula MX (M = an alkali 
metal, X = a univalent anion other than halide ion) should fall somewhere near 
the F bands in alkali halides with similar lattice constants.°9**715%° 
X-Irradiated sodium cyanide shows a band at 5100 A. which is in the correct 
position for an Ff band, and another at 3600 A. which may well be a V band.**? 
Potassium azide irradiated with ultra-violetlight is blue, and this is consistent 
with the presence of F centres.**** Potassium borohydride quickly becomes 
bright blue when irradiated with X-rays, probably because of F centres.*°° 
Sodium azide and sodium nitrate, after irradiation with X-rays, exhibit a 
number of absorption bands, the causes of which have not been determined: ””**””°? 


Decomposition of the Anion: General. 

This type of decomposition, which is quite common, involves the breaking 
of covalent bonds. It differs from the formation of colour centres in not being 
reversible by heating or tunnelling of electrons as arule, so that the salt may 
decompose completely if irradiated long enough. 

Nothing is known of the actual mechanism of any decomposition of this 
kind, but the following important possibilities may be mentioned:- 

(1) Dissociation of electronically excited anions. This would probably 
take place chiefly at lattice defects, for the following reason. Excitons in 
the salts under discussion, as in the alkali halides, would probably be mobile 
and might be expected (see page 2523) to spend about 10-*® second on each 
anion before passing on to the next. This interval is too short to allow the 
excited anion to dissociate, since bond oscillations have periods of the order 
of 10°** second. Consequently no dissociation would be expected until the 
exciton is brought to rest, i.e. trapped at a lattice defect. Although there is 
no information on this process in crystals subjected to ionizing radiation, it is 
worth mentioning here that the decomposition of azides by ultra-violet light 
involves the reaction of pairs of excitons trapped (probably) at vacant cation 
sites. 115,258 

(2) Dissociation of the anion radicles (e.g. NO; in a nitrate) generated by 
the removal of electrons from anions. Such a radicle can be regarded as an 
anion plus a positive hole. These dissociations might also take place at 
lattice defects to which the holes have migrated. 

If the fragments of a dissociating anion or anion radicle are not to re 
combine, it would be necessary in many cases for one of the fragments to 
move away from the site of dissociation. In a region of perfect lattice, this 
could be done only by forcing one of the fragments into an interstitial position. 
This might well require more energy than is available from the electronic 
excitation. At a lattice vacancy, however, the fragment could move into an 
empty space, and the dissociation would require less energy. This factor 
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alone may restrict some decompositions to the neighbourhood of lattice defects. 


Experimental Data on the Decomposition of Anions. 

The quantitative information on this subject is given in Table IX. There 
and in this Section is given the little available information on radiation 
decomposition of anions of salts other than those of the alkali metals. 


TABLE IX.- QUANTITATIVE INFORMATION ON THE RADIATION 
DECOMPOSITION OF SALTS WITH POLYATOMIC ANIONS 


G value 
(mols. pro- 
duct/ 100 
e.V.) 


‘Influence 
of temp- 
erature 


Decomposi- 
tion 
Products 


Author and 


Heonter Ses Principally G(O,)=0+ 27 
Lees and slightly nitrite and (mean) 
Mathieson above room | oxygen: a 


trace of 
nitrogen 


(1953) temperature 


Hennig, X-rays, ca. | Principally | G(O,)=0-32 
Lees and room nitrite and (mean) 
Mathieson temperature | oxygen: a 


(1953) trace of 


nitrogen 


Principally 
nitrite and 
oxygen: a 
trace of 
nitrogen 


Cunning- 
ham and 
Heal 
(1955) 


Hennig, Pile, Principally | G(O,)=0-86 
Lees and slightly nitrite and (mean) 
Mathieson above room | oxygen: a 


(1953) trace of 


nitrogen 


temp erature 


Cunning- Principally Rate of 
ham and | nitrite and decompo- 
Heal oxygen: a Sition 
(1955) trace of slightly 
nitrogen greater at 
-75°C. 
and 
- 180°C. 
than at 
17°C. 


Van de 
Graaff 
electrons 


Allen and 
Ghormley 
(1947) 


Principally 
nitrite and 
oxygen: a 
trace of 
nitrogen 


G(O,)=0+1 | Not 
(figure known 
given in 

ref. 102) 


Hennig, | Pile, Oxygen, G(O,)=2 2 Not 
Lees and slightly (other pro- known 
Mathieson above room | ducts not 


(1953) temperature | identified) 


Sharman Pile, Mostly Not 
and some what chloride, known 
McCallum above room | Some 

} (1955) temperature | perchlorate 
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Heal © oo: NaN, X-rays Nitrogen. G(N,)= 60 | Rate at 

(1953) 100 Aqueous (100) 1026. 
solution 1-3 times 
also rate at 
contains Sree 
ammonia Rate at 
and hydrox- — 180°C. 
yl ion 0-67 times 

rate at 
vc! 


102-1 IONIZING RADIATION AND ALKALI METALS 2557 


TABLE IX (continued) 


KC1O, X-rays 
25°C. 
19, KBrO, Pile at 
32 80°C, 


G value 
(mols. pro- 
duct/ 100 


Influence 
of temp- 
erature 


Decomposi- 
tion 
Products 


Author and 
Date 


| G(ClO;=4 


Mostly 

ClO;, some | G(Cl-) = 1 | known 
Cl’, small 

amounts of 

other Cl 


oxyanions 


Lower 
oxidation 


Boyd, 
Cobble and 


Wexler states of 
(1952) bromine 
(not further 


examined) 


Boyd, 19, KBrO, y-rays Lower ~1-5 bro- Rate in- 
Cobbleand | 32 oxidation mate ions dependent 
Wexler states of decom- of temp- 
(1952) bromine posed per erature 
(not further 100 e. V. 
examined) 


Note: ‘G’ (coloumn 6) is the customary symbol used to denote the number of mole- 
cules of product formed per hundred electron volts absorbed by the compound. 


Azides. 

Sodium azide crystals turn brown when exposed to X-rays at temperatures 
from room temperature up to 102°C., and pale green if irradiated below room 
temperature”? (see also the X-ray decomposition of barium azide*’). The 
green crystals turn brown on standing for an hour or two at room temperature. 
“hen about 10% decomposed, the crystals are opaque even in thicknesses of 
about 0-1 mm.'°° The cause of the brown colour is an absorption band having 
a peak at 340-360 mp and extending into the visible region.*”*** To judge 
from its wave-length, this band cannot be due to F’ centres or to colloidal 
metal, and may be a hole band. 

When irradiated sodium azide dissolves in water or in anhydrous ammonia, 
nitrogen is evolved.°? The aqueous solution contains ammonia, hydroxyl ion, 
and a trace of hydrazine, as well as undecomposed azide.” The yields of 
nitrogen, hydroxyl ion and ammonia are in the ratio 4:3:1 moles.” There are 
several ways of accounting for this ratio: for example, decomposition to 
nitride and nitrogen:- 


3N, — N* + 4N, 
followed by:- 
N* 4 3H,O0 "NH, + 30H” 


Sytis 3 
or decomposition to sodium metal and nitrogen: NaN, —* Na + AN , 
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followed by reduction .of some of the undecomposed azide ion to ammonia by 
the sodium as the crystal dissolves.”? There is some independent support for 
the latter explanation.*°° When the irradiated crystals dissolve in acidified 
5% mercuric chloride solution, mercurous chloride is precipitated in about one 
third of the amount to be expected if all the sodium presumably formed in the 
decomposition were effective in reducing mercuric chloride. The remaining 
sodium must react with azide ion. The solution obtained from irradiated 
sodium azide and liquid ammonia at -78°C. has the characteristic blue colour 
of sodium-ammonia solutions. This colour disappears on warming to -33°C., 
presumably because the sodium then reacts with azide ion. 

No nuclei of massive sodium metal can be seen in irradiated sodium azide 
under the microscope, and the absorption spectrum shows no evidence of 
colloidal metal or of F centres.”? The only remaining possibility seems to be 
that the metal (or trapped electrons), which the chemical evidence shows to be 
present, exists in the form of small aggregates of electrons (perhaps like the 
M centres in alkali halides) which absorb in the infra-red. 

The amount of sodium azide decomposed is proportional to the energy 
absorbed and independent of the dose rate.?”"°° The energy is very efficiently 
utilized (see Table IX). The temperature coefficient of the decomposition 
rate is small.°°° The decomposition of potassium and barium azides by 
ultra-violet light, which has been shown to proceed via the reaction of pairs of 
trapped excitons, has entirely different characteristics: the rate is proportional 
to the square of the light intensity, the quantum yield is low and the tempera- 
ture coefficient high**»?** (cf. decomposition by slow electrons®*). Hence the 
X-ray decomposition must have a different mechanism, probably a simple 
dissociation of anion radicles. 


Potassium bromate. | 

This salt is easily decomposed by pile or gamma radiation, giving lower 
oxidation states of bromine in amounts proportional to the dose and independent 
of temperature.**? The decomposition products, probably hypobromite and 
bromide, were estimated together by reduction to bromide and titration with 
silver nitrate, so that the relative yields are not known (see Table IX). 


Sodium and Potassium Chlorates (see Table IX). 

Potassium chlorate decomposes when irradiated with cathode rays, in the 
pile, or with X-rays, with large yield.*°%4° Chloride and hypochlorite have 
been identified among the decomposition products. 74° ~The oxygen formed at 
the same time remains trapped in the crystals, setting up stresses so that 
crystals, 4% decomposed, decrepitate when disturbed.!°? Sodium chlorate 
decomposes in the pile much more slowly than the potassium salt (compare 
sodium and potassium nitrates).7*° The principal product is chloride, but there 
is also an appreciable amount of perchlorate formed.?** Nothing is known of 
the kinetics or mechanism in either case. 


Potassium Perchlorate. 

The X-ray decomposition has been studied in some detail.?* Chlorate and 
chloride are the principal products, but there are smaller amounts of other 
oxidizing substances, probably hypochlorite and chlorite. In the early stages 
the production of chlorate is about four times the production of chloride. When 
about 16% decomposed the crystals burst to a fine powder in consequence of 
the pressure of occluded oxygen; the rate of chloride production then doubles, 
while the rate of chlorate production remains unchanged. This is the only 
evidence so far obtained of a decomposition rate varying with the degree of 
crystalline perfection: in view of the probable importance of vacancies in 
decomposition, it is likely that other examples remain to be discovered. The 
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chlorate formed in the decomposition itself decomposes to chloride ina 
secondary reaction (see Table IX). 


Nitrates. 

Under irradiation these decompose principally to nitrite and oxygen. The 
reaction was first observed in sodium nitrate bombarded with cathode rays.™*° 
It has since been shown to take place in barium nitrate irradiated with fast 
electrons,* in sodium nitrate irradiated in the pile or by X-rays,*°? and in 
potassium nitrate in the pile or under X-rays.***°? The oxygen formed is 
trapped in the crystals during the early stages of decomposition.”* With 
potassium nitrate it begins to escape when the compound is between 20 and 
30% decomposed, at room temperature. °* Barium Nitrate retains all its oc- 
cluded oxygen up to at least 21% decomposition,* and sodium nitrate up to at 
least 1%.*°? The oxygen can be released by dissolving the crystals in water 
or by heating them. It comes off rapidly from potassium nitrate at the transi- 
tion temperature (129°C.), but is released from sodium nitrate only at the 
melting point.*°? 

The magnetic susceptibility of the trapped oxygen shows it to be present 
as ordinary O, molecules.*°? It is collected into small pockets in which the 
pressure may ‘exceed 1000 atmospheres. The pockets are at first submicro- 
Scopic in size, and the crystals remain transparent. But samples which have 
been irradiated for a long time, or allowed to get warm, become opaque and 
milky in appearance because of the coalescence of the small gas pockets to 
larger ones visible in the microscope. When irradiated sodium nitrate is 
heated for some minutes between 255°C. and 302°C. the pockets coalesce 
further and the crystal expands considerably.*°” 

The oxygen formed is approximately eguivalent in quantity to the nitrite, 
but in published results never exactly so. The difference is undoubtedly due 
to side reactions. The oxygen evolved from the crystals contains a little 
nitrogen, and aqueous solutions of irradiated potassium nitrate are more alka- 
line than would be expected from hydrolysis of the nitrite.** The gas evolved 
when irradiated barium nitrate dissolves in water contains hydrogen, probably 
derived from the reaction of trapped electrons with water (cf. page 2554).° 

The decomposition of potassium nitrate by X-rays seems to be a first order 
reaction, indicating no appreciable back-reaction between the nitrite and the 
occluded oxygen.*® On the other hand, the dose-decomposition curve for 
barium nitrate gives grounds for thinking that the decomposition of this salt 
may not exceed about 40% even in very long irradiations. °® 

The absorption spectrum of irradiated sodium nitrate shows the expected 
absorption band at 345 mp due to nitrite ions, and another at 335 mp believed 
to be due to a colour centre.” 

If the nitrates decompose thus:- 


NO, > NO," +0 


it becomes a question how the oxygen atoms come together to form molecules. 
At least two alternative postulates are possible. The oxygen atoms may 
diffuse through a series of interstitial positions to the incipient gas pockets 
and there unite; or perhaps the actual dissociation takes place mainly at 
lattice defects (following migration of excitons or holes to these) and the gas 
pockets build up round the defects. 

It is interesting that the quantum yields for decomposition by ultra-violet 
light of the three solid nitrates mentioned fall in the same order as the G 
values for decomposition by ionizing radiation (see Table IX).°%*97#77 


Other Salts. 
The information on these is fragmentary. Potassium chromate is very 
resistant to decomposition by pile radiation,’ as are potassium and lithium 
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sulphates,*°? but sodium sulphate is reported to decompose under cathode ray 


bombardment.*° Potassium ferrocyanide, irradiated in the pile, gives some 
ferric ion.*** Ammonium hexafluoantimonate(V) decomposes to antimony(III) in 
the pile.** The phosphates of the alkali and alkaline earth metals decompose 


under B- and y-irradiation to give phosphorus in lower oxidation states.*” 


Silver acetylide, under electron bombardment, gives silver metal.*”® 


NUCLEAR REACTIONS IN THE SALTS OF THE ALKALI METALS 


Lithium Fluoride. 
When bombarded with thermal neutrons, lithium undergoes the reaction:- 


Sli+ sn — *He + °H + 4:8 MeV. 


The large amount of energy produced is dissipated within the crystal in the 
form of excitation, ionization and elastic collisions caused by the helium and 
tritium nuclei, which leave the site of the reaction with kinetic energies of 
2:06 MeV. and 2-74 MeV. respectively. This reaction makes it possible to 
obtain abnormally high rates of energy deposition per unit volume in lithium 
fluoride, as compared with halides of the other alkali metals: it is consequently 
worth while to look for the effects of elastic collisions, which are capable of 
displacing a substantial fraction of the atoms in the crystal in irradiations of a 
few hours’ duration. The X-ray diffraction lines of lithium fluoride crystals 
broaden considerably in pile irradiations, suggesting extensive lattice 
damage.*»?75 It is not yet clear what form this damage takes. Binder and 
Sturm found that the density of lithium fluoride decreases, and that there is an 
equivalent increase in the average lattice spacing as determined by X-ray 
diffraction.*” This result, if correct, indicates that the defects produced are 
Frenkel defects (i.e. interstitial atoms and vacancies) in the main. On the 
other hand, Keating has interpreted his results on the X-ray diffraction pattern 
to mean that there is no important concentration of interstitial atoms and 
vacancies, but that large regions of the irradiated crystal are in a state of 
uniform compression or expansion.’” Until more experimental data have been 
collected, and their interpretation more fully considered, it will not be possible 
to state definitely how the structure of lithium fluoride changes on neutron 
irradiation, or what proportion of the damage is due to collision displacements. 

The absorption spectrum of irradiated lithium fluoride shows an F band 
and a number of other bands which have been identified with the F’, R and M 
bands of the kinds observed with other alkali halides. There are, however, 
also a number of very sharp absorption lines superposed on the bands; the 
cause of these is not known, but the presence of rare earth impurities has been 
suspected.”* (See also the references given in the second column of Table I, 


page 2528), 


The Szilard-Chalmers Effect in Salts of the Alkali Metals with Polyatomic 
Anions. 

The nuclear reactions of the alkali metals themselves are dealt with 
elsewhere in this volume, and it 1s here necessary to discuss only reactions 
in the anions of salts of the alkali metals. These reactions are conveniently 
divided into two categories: those giving a product isotopic with the target 
element (covered in this sub-section); and those giving a product not isotopic 
with the target element (see page 2565). 

Szilard and Chalmers first noticed, in 1934, that the radioactive iodine 
obtained by neutron bombardment of ethyl iodide was mostly in a different 
chemical state (viz., elementary iodine) from the starting material.** It 
could therefore be separated chemically from the latter to give radioactive 
iodine of very high specific activity (i.e. diluted very little with inactive 
iodine). The chemical state of the iodine changes because the y-quantum 
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emitted in the activating (n,y) reaction causes a recoil of the iodine atom 
vigorous enough to break its bond to the ethyl group. A great many other 
instances of this effect have since come to light. In many of these the 
activated atom is the central atom of a polyatomic anion (usually an oxyacid 
anion) in the salt of an alkali metal. These cases are listed in full in Table 
X, with references and an outline description of the effects observed. Since 
every example of the Szilard~Chalmers effect poses its own distinctive 
problems, usually extremely complex, reference should be made to the original 
papers for detailed information. A recent review can be recommended.** 
Here only a few generalizations, applicable to polyatomic anions, will be made. 


TABLE X.- THE SZILARD-CHALMERS EFFECT IN 
SALTS OF THE ALKALI METALS 


(y,n) Reactions as well as (n,y) reactions are included in this Table 


ie 


Sharman and | 237 | Na,CO,(anhyd.) | #cvy,n)"C CO,, CO, formic, oxalic, 
McCallum glyoxylic and glycollic 
(1955) acids 
Rowland and | 211 | Na,CO,(soln.) OO ee: CO only formed - no 
Libby (1953) 7 Co, 
Rowland and NaHCO,(solid) | **C(y,n)""C CO and CO, in about 
Libby (1953) equal amounts 
Rowland and NaHCO,(soln.) AV ae CO only ~ no CO, 
Libby (1953) 
Libby (1940) | 147 | Na,HPO,,5H,O | ™P(,y)P Retention 92% (as 
phosphite) 


1 
Aten, van der Na,HPO,,5H,O = | *P(n;y)"P Retention 75%, remain- 
Straaten and 4 der as ortho- and pyro- 
Riesebos phosphate 
(1952) 


el 
Libby (1940) 14 
I 


Aten, van der Na,HPO,,2H,O | ™P(n,y)?P 


Straaten and 
Riesebos 

Na, HPO, 
(anhyd. ) 


Retention 22%, 59% 
phosphite and hypophos- 
phite, remainder pyro- 

phosphate 


Retention 23%, 55% 
phosphite and hypo- 
phosphite, remainder 
pyrophosphate 


Na,PO,, 12H,O “P(n,y) P Retention 50% — 
4 


(1952) 


Aten, van der 
Straaten and 
Riesebos 
(1952) 


Libby (1940) 


Daudel ( 1942) 


41 Na ?)arsenate 75 As(n, y)'° AS Retention 50%, remain- 
der as arsenite 
Siie (1948) 249 | Na,HAsO ™ As(n,y)’° As Product arsenite, 
retention 40-50% 
Stie (1948) 249 | NaAsO, > As(n,y)’° As | 90% Retention as 
arsenite, remainder to 
: arsenate | 
Stie (1948) 249 | (CH,),ASO,Na ” As(n,y)’° As 70-80% Recovery as 
arsenite and arsenate 


Daudel ( 1942) 


Daudel (1941) 
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TABLE X (continued) 


= 
Daudel (1942) | 4] Na( 2),SeO, *°Se(n, y)’*Se Complete recovery as 
elementary selenium 
Daudel (1942) | 41 Na(?),TeO, *°Te(n,y)'**Te | Complete recovery as 
elementary tellurium 
NaclO,(solid) | *7Cl(n,y)* Product Cl” 
(1935) 


McCallum and | 143 NaClO,(solid) ml GGA Mi ale| Product Cl- 

Holmes Retention small 

(1951) 

Sharman and | 236 | NaClO,(solid) =Cliny)- Cl Product mainly CI, 
McCallum some ClO, . Retention 
(1955) 13% 


cl 
D’ Agostino 39 NaClO,(soln. ) 7 Clayecl Product Cl’, effectively 
(1935) no retention 
Libby (1940) | 141 | NaClO,(soln.) "Cl(arvy Cl Product Cl, effectively 
no retention 
D’ Agostino NaclO,(solid) | °’Cl(n,y)*cl Product Cl- 
(1935) 


Daudel (1942) | 41 Na(?)Cl0, 7Cl(n, y)*Cl Activity recoverable as | 
(solid) Gl orci: 
D’ Agostino 39 NaclO,(soln.) 7 Cln yy Cl Product Cl 
(1935) 
Libby (1940) | 14] | NacClo,(soln.) > CHV 21 Product Cl”. Retention 
small 
Libby (1940) | 141 | NaBrO,(solid) ™Br(n, y)° Br Product Br’. Retention 
small 


” Br(n, y)*°Br Product Br. Retention 
small (except when 
solns. acidified) 


Product Br,. Retention 
from 9% up wards 
increased by heat or 
y-radiation 


Boyd, Cobble 
and Wexler 
(1952) 


°*Br(n, y)°?Br 


KH(IO,),( solid) 
Ded tyes | 


Product I’. Retention 
about 70%, increases on 
heating 


Cleary, 
Hamill and 
Williams 

(1952) 


Cleary, 
Hamill and 
Williams 

(1952) 
Cleary, 
Hamill and 
Williams 

(1952) 


Cleary, 
Hamill and 
Williams 

(1952) 


Cleary, 
Hamill and 
Williams 

(1952) 


Product I Retention 
about 20% 


Product I*% 
about 70% 


Retention 


Product I 
about 53% 


Retention 


Product I~ Retention 
about 31%, increases on 
heating 


NH, IO, (solid) 
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Product mostly IO, ; 
but if methanol present, 
chiefly IT. Retention 6% 


No separation as Crttt 
(retention complete) 


Green and Retention 88%, indepen- 
Maddock ‘dent of pH of solvent 
(1949) soln. 


Retention a minimum, 
55%, at pH 2. Increased 
by heating 


Green, Har- 
bottle and 
Maddock 
(1953) 


ae [| coon | mentin [ere 
Daudel ( 1942) er eee 3 
Cleary, aE AG, yBy 
Williams 
(1952) 
Muxart, K,Cr,0,(solid) °Cr(n, y)**Cr 
Daudel and 
Haissinsky 
(1947) 
K,CrO,(solid) Sern, yy Cr Retention constant at 
solns. of pH between 0 
and 12. Increased by 
heating 
soln. in K,SO, Same as in pure K,CrO, 
Na,CrO, solu °Cr(n, Wer Retention from 19 to 
Harbottle (NH,),CrO, ‘tions 80%, a complicated 
(1953) 
Kahn, Fried- K,Cr,0, enti (Not stated) 
and K, Cro, 
Bryant (1935) 
Libby (1940) | 141 | KMnO,(solid) *°Mn(n,y)°Mn | Recovery as MnO, by 
adding Mnt+ to soln. 
Retention “ 30% at pH — 
1-10, rising at either. 
; extreme 
Drehmann KMnO, (solid) °°Min(n, y)°°Mn Confirms Libby (1940) 
(1941) : 
Broda et al. KMnO, (solid) °° Min(n, ae Retention increased by 
(1950) heating before 
dissolution 
Rieder (1950) | 207 | KMnO,(solidand tae y)°°Mn Retention independent 
Broda and 20a soln.) of velocity of 
Rieder (1949) 
McCallum and KMnO, *°Mn(n, y)°°Mn Confirm Libby (1940) 
Retention unchanged if 
(1953) Ca(MnO,),,5H,O AgMnO, pptd. instead of 
AgMnO, 
LiMnO,,3H,O retention at high pH 
LiMnO, 
NaMnO, 
Ca(MnO,), 


TABLE X (continued) 
4] 
Hamill and 
Daudel, 
K,Cr,0,(solid) | ™Cr(n,y)**Cr 
K,CrO,( solid) 
about 70% for solvent 
K,CrO, in solid Retention nearly the 
Fishman and 
function of pH 
man and 
Aten and van | 10 KMn0O,(solid) > Min(n, y)°°Mn Confirm Libby (1940) 
Berkum Retention rises to 70% 
(1950) if crystals heated to 
180°C. for >20 mins. 
activating neutrons 
Maddock NaMnO,,3H,O 
MnO,: Ba** increases 
Ba(MnO,), 
(all solid) 
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TABLE X (continued) 


ieResulta sin tened eee on Similar to those 
for pure KMnO, 


Fermi et al. 6, KMnO,( aye °° Mn(n, y)°°Mn Recovery as MnO, by 

(1934-5) 3 7 Simply filtering 
irradiated solution 
through filter paper 

Libby (1940) KMnO,(soln. ) *°Mn(n, y)°°Mn Retention small at pH 
2-10, increasing at 
either extreme 

Drehmann KMn0O,(soln.) >Mn(n, ert oe Confirms Libby (1940) 

(1941) 

Broda et al. KMnO,(soln.) iar y)°°Mn 

(1950) 


Jordan (1951) | 117 | KMnO,(soln.) **Mn(n,y)°Mn | Results can be ex- 
plained by production of 

; Mn(II) or Mn(III) in 
recoils 


Libby (1940) KMnO, in *SMn(n,y)°Mn | Retention almost zero 
acetone soln. 


Herr (1952) 102a | KReO, 85Re(n, YaeRe No separation: retention 
*7Re(n,y)?Re | 100% in +7 state 

K,ReCl, 85Re(n, Yao 30% as Re VII from solid 

187Re(n, yi 100% as Re VII from soln. 


Croalto, Gia- Ltn, a Retention 37% 
comello and | 1 tr(n, y) Ir Retention 47% 
Maddock 

(1952) 


i See also Ref. 256 

* The ‘products’ mentioned in this column are the forms in which the activity was 
recovered, These are not necessarily the primary products of the nuclear reaction, 
which could equally well be any other forms exchanging readily with the carrier. 


The total energy carried off by y quanta in the (n,y) reactions is about 8 
MeV.;*** it is distributed among 2-6 quanta emitted,apparently, without angular 
eatrelacignae: The recoil energy of an atom of mass M which has emitted a 
quantum of energy Ey (Me V.) is (533/M\Ey) electron volts.*** This comes to 
an amount considerably, though not enormously, in excess of bond energies; 
e.g. manganese emitting a 2 MeV. quantum recoils with energy 40 electron 
volts.*** Thus, bonds with the recoiling atom are broken without much 
discrimination. 

In order that the isotope formed can be separated from the target substance 
by ordinary chemical operations in aqueous solutions, it is usually, though not 
always, necessary for it to be in a different oxidation state. This is most 
easily accomplished by irradiating a compound of the highest or next-to- 
highest oxidation state of the element (e.g. a chlorate or perchlorate for 
chlorine isotopes). Daudel has pointed out that the oxidation number finally 
taken up by the recoiling atom is zero or negative for electronegative elements 
(e.g. chlorine from ClO, is recovered as Cl", and selenium from SeO,= as the 
element) but may be positive for more electropositive ones (e.g. As(V) is 
converted to As(III) in the recoil, and Sb(V)-ends up as Sb(V), so that no 
separation can be effected).*** Libby has expressed essentially the same 
idea in the rough rule that ‘results of the recoils will correspond to distribu- 
tion of the bonding electrons among the products about as they are distributed 
in the bonds broken’.** If a separation is to be possible, the chemical species 
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formed must not undergo an exchange reaction with the starting material during 
dissolution in water or in the subsequent chemical treatment. This require- 
ment is satisfied, except under special conditions, by the oxyacid anions, 
which do not exchange their central atoms so easily with other ions or atoms. 

In some cases at least, separation can be effected either after irradiating 
the solid or after irradiating its aqueous solution. 

More often than not, a considerable fraction of the radioactive atoms ap- 
pears in the chemical form of the target substance instead of the altered form 
sought. This fraction, expressed as a percentage, is called the ‘retention’. 
Much of the research in this field has been devoted to analysing the causes of 
‘retention’. 17974444 Among these are:- 

(1) Failure of a proportion of recoils, owing to emission of several y 
quanta simultaneously in such a way that their impulses largely cancel.*?**7** 

(2) In some recoils, a collision between the recoiling atom and an adjacent 
anion, in which the former expels an atom of its own kind from the anion, and 
takes its place therein. 

(3) When a solid salt is irradiated, there may be an exchange reaction 
between the product atoms and the target substance, brought about thermally 
or under the influence of ionizing radiation (which, almost inevitably, accom- 
panies thermal neutrons). 

(4) Exchange reactions occurring during chemical separation. 


Nuclear Reactions Involving a Change of Atomic Number. 
The examples of this type of reaction are listed in Table XI, withreferences 
and brief statements of the observations made. Most investigations have been 


TABLE XL- CHEMICAL FORMS OF PRODUCTS OF NUCLEAR 
REACTIONS IN SALTS OF THE ALKALI METALS (REACTIONS 
INVOLVING A CHANGE OF ATOMIC NUMBER) 


35S in a form exchanging 
rapidly with SO,= 
Cl(n,p)**S | Nearly all *°S recovered 
as SO,~ 
35S recovered entirely 
as SO,~ 


Author and 
Date 


Edwards and 
Davies( 1948) 


Croatto and 
Maddock 
(1949) 


Edwards and 62 KCl Cl(n,p)**S | Nearly all *S re- 

Davies ( 1948) covered as SO,— 

Koski (1949) 131 KCl SCl(n,p)*S | Up to 85% of *S 
recoverable as S~ if 
crystals well outgassed 


Koski (1949) 130 KCl SCl(n,p)°S | With outgassed crystals, 
35S appears as S= from 
interior and as SO,~ 
from outer layers 


Milham (1952) 166 KCl 5Cl(n,p)*S 


With vacuum-sublimed 
crystals, 90% *°S as S= 
if dissolved in carrier 
solution directly. If 
dissolved in water, then 
carrier added, 30% as 
S*, 70% as SO,> 
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TABLE XI (continued) 
Maddock S~, 50% as S0,= 
(1949) 
KCl (see above) 
Maddock 
(1949) 
S= 
Siie (1950) about equally as P(v) 
Caillat and 25 NaCl Olt, 0) By nies ee 
Siie (1950) o destroy colour 
centres, yield of P<(v) 
Stie (1950) P(v) 
Na,SO,,7H,O | 3*&%n,p)??P | 40% of 32P as phosphite 
60% of **P asphosphate 
Flee Na,SO,,10H,O | *8(n,p)*2P | 9% of 32P as phosphite 
91% of *7P as phosphate 
(1949) phosphate 
Garner (1949) (anhydrons) activity recovered as 
Gamer (1949) 
concerned with the reaction **Cl(n,p)**S in alkali chloride crystals. The **S 
atoms formed must lose their energy by collisions, and eventually lodge in 
interstitial sites in the lattice, where they would, for electrostatic reasons, 
settle down with no charge, or small negative or positive charges. Ona 
dissolving in water, active sulphide ions would be formed, or if not, active 
sulphur atoms or St ions which would certainly undergo rapid exchange with 
sulphide carrier ions if these were present. One would therefore expect to be 
able to recover the **S as S= or H,S by dissolving the irradiated alkali chloride 
in a solution of either of. these carrier substances, and then separating the S= 
or H,S. The results of studies of the chemical form of the **S are rather 
contradictory, but it seems that if the chlorides are painstakingly outgassed at 
high temperature in vacuo before irradiation, this expectation is realized. If 
they are not outgassed, all or much of the **S appears as SO,-, not S=. Koski’s 
experiments (see Table XI) suggest strongly that this is due to the presence of 
traces of oxygen in the crystals. Much SO,= is also obtained if the carrier is 
not added until after dissolving the crystals in water - probably owing to the 
presence of a species such as S° or St, which would exchange with the carrier 
if this were present, but would otherwise be oxidized to SO, very quickly. 
The amount of hypochlorous acid resulting from dissolution of trapped holes © 
(see page 2554) would more than suffice for this oxidation, since there is only 
about 10°’ g. of **S per g. of the alkali chloride. 
The appearance of **P from the reaction **S(n,p)**P in the form of PO,= can 
probably also be put down to the presence of oxygen in the sodium sulphide 
irradiated. 
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SECTION CIII 


THE USE OF RADIOACTIVE ISOTOPES OF THE ALKALI 
METALS IN BIOCHEMISTRY, PHYSIOLOGY AND MEDICINE 


By W. C. HUTCHISON 


The presence of all the alkali metals in biological materials has been 
reported, although lithium, rubidium and caesium are classed as trace metals, 
and virtually nothing is known as to their function. Sodium and potassium on 
the other hand occur in relatively large amounts, and much research has been 
carried out on the part played by these elements in maintaining the special 
functions of living cells. 

The only members of the alkali metal group which possess a naturally 
occurring radioisotope are potassium and rubidium which contain *°K and *’Rb 
to the extent of 0:012% and 27+2%, respectively. On disintegration *°K 
yields calcium, and since potassium ions and calcium ions are known to be 
antagonistic in their action on the excitability of tissues, this change might 
be of interest biologically were it not so slow that its significance is doubt- 
ful. Speculation that the radioactivity of natural potassium is responsible 
for its biological function* is not supported by work’ with isolated frog heart, 
which failed to produce evidence for the functioning of either “Na or “°K in 
maintaining the normal heart beat. Similar conclusions have been reached in 
experiments with rubidium.’ 

It has been suggested* that the natural occurrence of *°K supplies a 
convenient liquid standard of radioactivity. Such a standard, which can 
easily be prepared by making up a solution of analytically pure potassium 
carbonate, is very useful in the calibration and standardization of counters 
designed to deal with liquid samples, which are used extensively in the 
assay of radioactivity in biological materials. 

The availability of radioisotopes of the alkali metals has increased both 
the amount of work carried out on the biology of these elements and the value 
of the results obtained. The conventional techniques of analytical chemistry 
as applied to the alkali metals are frequently laborious, and owing to the 
ubiquitous occurrence of these elements, determinations of minute amounts 
are often of doubtful significance. Results obtained by the classical methods 
therefore indicate only the grosser changes which occur, but by using radio- 
isotopes a technique is available which greatly reduces the labour involved 
in the analyses and also makes it possible to study small changes in, for 
example, the distribution of substances on either side of the cell membrane. 

The radioactive isotope of lithium, "Li, has a half-life of only 0-88 
second, so that for practical purposes no radioisotope of this element is 
available for use as a tracer. Useful isotopes of all the other members of 
the group are, however, available. With sodium, work has been carried out 
using Na and “Na, while for the other elements the most useful available 
isotopes are **K, *°Rb, ***Cs, **Cs and “*’Cs. The investigations made with 
the aid of these radioisotopes include absorption, distribution and excretion 
studies, studies of ion transport and membrane permeability, studies of 
circulation and blood flow, and clinical applications. 
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ABSOKRPTION, DISTRIBUTION AND EXCRETION 


One of the earliest studies®® of the distribution of the alkali metals 
involved the administration of salts of radiosodium and radiopotassium to 
human subjects. Sodium was rapidly absorbed from the gastro-intestinal 
tract, but potassium was absorbed much more slowly: in the first half hour 
17% of thecadmuniscered: SRGtea ae absorbed compared with 58% of the “NaCl. 
On the other hand, another group of workers’ found that in rats 90% of orally 
administered 42K C] was absorbed after half an hour. The rate of absorption 
and excretion of sodium has also been studied using “Na.®° The amount 
excreted was to some extent dependent on the size of the dose administered. 

In some experiments the time taken for ingested radiosodium to appear in 
particular body secretions has been determined. For example, it has been 
found’ that radiosodium can be detected in human milk within 20 minutes of 
intake, and that “Na appears in the pancreatic juice of caee 3 minutes after 
intravenous injection.” 

An interesting application of radiosodium is its use to test the enteric 
coating of capsules.** The capsules contain radioactive sodium chloride, 
and their passage through the digestive tract is followed by one counter, 
while a second counter held in the subject’s hand is used to detect the 
appearance of the isotope in the blood consequent on the absorption. A 
consideration of the responses of both counters indicates where the capsule 
dissolves, and also whether it dissolves quickly or develops a small leak and 
allows the salt to escape slowly. 

Bone contains quite a high proportion of sodium, there being on the 
average 1 molecule of sodium to about 30 molecules of calcium, excluding the 
sodium found in the extracellular fluid of the bone. Only about one quarter of 
this sodium is exchangeable, and though nothing is known of its metabolic 
significance, an attempt’? has been made to follow the exchange of sodium in 
bone by means of an external counter placed over the patella. In this posi- 
tion about 50% of the counts arose from the radiosodium in the soft tissues 
covering the bone, but this was regarded as the best available site. The 
investigation was carried out using both “Na and “Na. The ratio of patella 
counts to serum specific activity showed considerable variation, ranging from 
1:0 to 20 in 35 experiments. In the studies with **Na, it appeared that 
equilibrium of distribution was not obtained until 96 or more hours after 
injection. Bone also contains some potassium and it has been shown** that 
in the rabbit the activity of the bone potassium reaches about 25% of that of 
the plasma potassium 24 hours after administration. Experiments have also 
been carried out with teeth, and the incorporation of injected radiosodium into 
the enamel has been demonsthared: iy 

Plants contain considerable amounts of potassium, and many investiga- 
tions have been carried out on the distribution of this element in various 
species of plants using **K. One interesting application of the isotope 
technique is found in work’* on the uptake of **K*?Br by carrots. The amounts 
of the two isotopes present were estimated by taking counts at two different 
times and allowing for the different decay rates of the two isotopes. Experi- 
ments with plants have shown that the uptake of potassium should be regarded 
as comprising two quite distinct processes: on the one hand a non-metabolic 
uptake which is probably a simple exchange-diffusion process, on the other a 
metabolic uptake whereby the potassium is incorporated chemically into the 
metabolites utilized by the plant.*°** 

A similar non-metabolic uptake has been demonstrated with rubidium 
using solutions as dilute as 10°° M. The rubidium so absorbed is readily 
exchangeable, and the process, as with potassium, is for practical purposes 
independent of temperature, respiration rate and exposure to light.” 
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The route by which various ions are transported in plants has been 
studied” by separating the xylem or woody part from the bark by means of 
waxed paper and then showing that the upward movement of ions occurs 
entirely through the xylem. These experiments were carried out using radio- 
sodium, radiopotassium and also radiobromine and radiophosphorus as phos- 
phate. A similar technique has been used to show that the downward 
movement of phosphate ions, and so presumably of other ions also, occurs in 
the bark and not at all in the xylem. 

For studies on the distribution of caesium carried out by means of radio- 
isotopes one must turn to marine plants. Marine algae normally concentrate 
potassium in preference to sodium, in spite of the fact that sea water contains 
a very high concentration of the latter, There is some evidence that they 
will show an even greater preference for the higher members of the alkali 
metal group and, because caesium occurs in reasonable amounts in nuclear 
fission products, it is of some biological importance to determine the extent 
of the incorporation of this material into marine alga. Using ***Cs,SO,, the 
uptake of caesium by various species of marine algae has been investigated.” 
The normal incorporation of caesium appeared to depend on the incidence of 
light and the presence of carbon dioxide, while it was enhanced in sea-water 
in which the potassium had been replaced by sodium. In the last case the 
plant is presumably endeavouring to compensate for the deficiency of potas- 
sium by increasing its absorption of caesium. 


ION TRANSPORT AND CELL PERMEABILITY 


The living organism is composed of a number of different phases — gases, 
liquids, gels and solids — and the boundaries where different phases adjoin 
have very special and interesting properties. The conditions may be simply 
those associated with the semipermeable membrane, or there may be active 
secretion and transport of substances across the boundary. Often these 
boundaries are associated with actual membranes, and this is usually so at 
the periphery of the cell or of a particular structure within the cell such as 
the cell nucleus. It is probably incorrect, however, to think of the cell 
membrane, for example, as being the boundary between two different phases, 
for there is some evidence that the cell membrane is composed of lipid-like 
material so that between the contents of the cell on the one hand and the 
extracellular fluid on the other there are two interfaces of the fat/water type. 
Many of these membranes have remarkably selective properties with regard to 
metabolites, and probably the best known example is to be found in the 
segregation of sodium and potassium in blood. The red blood cell of most 
mammals is able to maintain a high internal concentration of potassium ions 
in the presence of a low concentration in the plasma; and at the same time 
to exclude to a large extent ions of sodium, even though the concentration of 
these ions in the plasma is quite high. All this, of course, indicates that 
ion-transport is governed by some active mechanism, and not merely by the 
rules of simple diffusion. 

Many attempts have been made to determine the nature of this mechanism 
without producing a theory which was acceptable universally. However, the 
availability of radioisotopes, especially those of the alkali metals sodium 
and potassium, has made the study of the problem much simpler, and has 
produced much new information. 

Excluding experiments on erythrocytes or red blood cells, relatively few 
experiments have been carried out on the penetration of the alkali metal ions 
into single cells. It has been reported” that the bacterium, Escherichia coli, 
is freely permeable to potassium ions. Studies on the exchange of sodium in 
the frog egg have shown” that only 12% of the sodium present is readily 
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exchangeable; this fraction comes into rapid equilibrium with the sodium of 
the medium, but the remaining 90% may take as much as 10 hours to equili- 
brate. 

Yeast has also been the subject of several investigations. Using *K it 
was found” that in actively fermenting yeast the interchange of potassium 
between the yeast and the nutrient solution was almost complete in the course 
of 2 hours, whilst there was relatively little exchange of potassium with 
yeast which showed only slight fermentative activity. It is believed that in 
those experiments where marked exchange occurred, the actual amount of 
potassium exchanging was probably even greater than that detected, since, as 
the exchange proceeds, the *’K in the nutrient solution available for exchange 
is diluted by non-radioactive potassium originally present in the yeast. In 
connexion with these results it is of interest to note that, using purely 
chemical methods, it has been found™* that the membrane of yeast cells 
becomes more permeable during the fermentation process. The influence of 
X-rays on the permeability of yeast to potassium has been studied,” since it 
has been suggested by several workers that at least a partial explanation of 
the effect of X-rays on tissues might be that it produces changes in the 
permeability of the cell. Such a change could influence the entry into the 
cell of substances concerned in the process of cell division, and the elimina- 
tion of excretory products from the cell might also be affected. It is in- 
advisable to study the effect of X-rays on the permeability of yeast by 
determining the amount of potassium penetrating into the yeast cell before 
and after irradiation. The growing yeast cell takes up substances essential 
for its metabolic processes, and a diminution in uptake of such substances 
after irradiation cannot be interpreted as necessarily due to changes in 
permeability of the cell membrane. Accordingly the method used” was to 
grow the yeast in the presence of *7K in the medium, thus producing **K- 
labelled yeast. This labelled yeast was then shaken with non-radioactive 
nutrient solution and the rate at which the radiopotassium appeared in the 
nutrient solution was determined. Similarly other batches of labelled yeast 
were irradiated prior to shaking with the non-radioactive medium, and dif- 
ferences in the rates at which the **K appeared in the medium in the two 
cases were interpreted as differences in cell permeability. The effect of the 
X-irradiation on the permeability was relatively slight, a dose of 30,000 
roentgens, which killed 90% of the yeast cells, causing an increase in 
permeability of only 30%. Ultra-violet radiation has no effect on the per- 
meability of yeast cells to potassium, but the presence of arsenate cuts the 
amount of potassium migrating from the cells to about 50% of the normal 
value. 

In the field of plant physiology, a study has been made of the permeability 
of Nitella to sodium and potassium chlorides.***”? Cells of Nitella labelled 
with either NaCl or *7KCl were placed in solutions of the chlorides of the 
other alkali metals. Using sodium, the most rapid loss occurred when the 
cells were placed in solutions of lithium chloride, and the least rapid loss in 
solutions of czsium chloride. With potassium, the loss followed the Hof- 
meister series, the slowest rate being observed with lithium chloride solu- 
tions. Little or no loss occurred when the cells were placed in distilled 
water. 

Many aquatic animals have the ability to take up certain ions such as 
sodium and chloride ions from the surrounding medium. This uptake may 
occur through the gills, as in the fish, or it may occur through the whole 
surface of the animal, as in the frog. The ions may be taken up froma 
solution as dilute as 0:01 millimolar and the concentration of salt thus 
effected may be as much as 10,000-fold. In a study of the penetration of the 
radioisotopes of sodium and rubidium through the excised skin of the frog,™ 
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the inner surface of the skin was placed in contact with an isotonic solution 
of the salt and the rate of appearance of the isotope in the distilled water 
bathing the outer surface of the skin was studied over a 2 hr. period. Sodium 
chloride was found to pass through the skin at the rate of 4-7 x 10°” mole per 
sq. cm. per sec., while rubidium chloride penetrated more rapidly at the rate 
of 125 x 10°? mole per sq. cm. per sec. 

The significance of these observations must be assessed in conjunction 
with the results obtained” in very similar experiments in which the inner 
surface of the frog skin was bathed with Ringer’s solution, and the outer 
surface with extremely dilute solutions of dissolved salts. With this arrange- 
ment, it was possible to show an active movement of radiosodium ions from 
the outside of the..skin’ tothe inside’ even though thé concentration on the 
outside was as low as 1 milliequivalent per litre. 

The uptake of sodium and chloride from the surrounding medium has been 
studied with the aid of “Na and **Cl in the case of the adult axolotl (Ambly- 
stoma mexicanum).*°** The animals were maintained in solutions of “~Na*Cl 
having concentrations ranging from 0-001 to 0-003 N. The concentration of 
sodium and chloride ions in the axolotl’s blood is about 0-1 N., so that the 
radioisotope taken up will be a measure of the ‘active intake’, the amount 
taken up by diffusion processes being considered negligible. The concentra- 
tion of radioisotopes in the solution was not allowed to fall below 50%, and 
it was thus permissible to neglect losses of radiosodium from the animal, by, 
for example, urinary excretion. Averaging the results of several experi- 
ments, it was found that in the normal animal the amount of sodium taken up 
in 24 hr. was approximately equal to the amount excreted, being about 0-08 
milliequivalents in each case. Injection of a hypophyseal extract, insipidin, 
caused a 200% increase in uptake of sodium and a 95% increase in the sodium 
excreted. On the other hand a preparation containing oxytocin produced an 
increase in the amount of sodium excreted without affecting the sodium 
uptake. The net loss of sodium and chlorine was maintained for several 
days. It might be expected that injection of sodium chloride solution into 
the blood stream of the animal would affect the uptake of this substance from 
the surrounding medium; yet it was found that the injection of 1 ml. of 4% 
sodium chloride caused no significant alteration in the normal picture, and 
the axolotl could continue to take up sodium and chlorine after the injection. 

In higher animals having a circulatory blood system containing corpuscles, 
there are several possibilities of exchange. Ions in the blood plasma may 
pass through the capillary wall into the extracellular fluid of the tissues or 
into the tissue cells. Alternatively, without leaving the blood’ stream, the 
plasma ions may pass through the erythrocyte membrane and so enter the red 
blood cell. The various members of the alkali metal group exhibit different 
properties depending on the routes by which they leave the plasma. 

Considering first the passage of substances from the capillary into the 
extracellular fluid, the rate at which different substances will reach equili- 
brium will depend on whether the substance under consideration occurs in the 
body in the extracellular fluid alone, in the tissue cells alone, or in both 
sites. Reference has already been made to the different rates at which 
sodium and potassium come into equilibrium: this is due to the fact that 
sodium is largely extracellular in its distribution, though it is present within 
the cells of certain tissues, while potassium is largely an intracellular 
element. The process of equilibration is therefore, for sodium, relatively 
simple, since the sodium — once it has found its way into the blood — has 
merely to pass through the capillary walls to mix readily and rapidly with the 
extracellular fluid. A small amount of the sodium, it is true, must be taken 
up by the bone, the red blood cells, and the muscle, but the amount concerned 
is so small as to have little influence on the final result. The situation with 
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regard to potassium is more complex, because of the very significant amount 
of potassium that will penetrate the tissue cells. The amount of potassium 
entering the cells of the body can be calculated to be about fifty times the 
amount entering the extracellular fluid. The relative rates of disappearance 
of different ions have been calculated by measuring the rate of disappearance 
of a variety of different radioactive ions from the blood plasma to the cerebro- 
spinal fluid.** The technique was to remove the cerebrospinal fluid from 
large dogs, inject the radioisotope, and compare the activities of the isotope 
in the plasma and in the freshly secreted. cerebrospinal fluid. It seems 
certain that under the conditiens of the experiment the rate of formation of the 
cerebrospinal fluid was much higher than normal, so that the rate of trans- 
ference of ions from the blood to the cerebrospinal fluid may also have been 
exaggerated. Even so, the relative rates of disappearance could well have 
been normal. These were for the members of the alkali metal group studied 
K = Rb >Na. Other workers, however, have pointed out** that the injected 
radioactive ions, and the ions already present in the plasma, will leave the 
plasma at the same rate, and since the concentration of sodium in the plasma 
is about twenty times that of the potassium, it may be assumed that the 
amount of sodium leaving the plasma per unit time will be appreciably higher 
than the amount of potassium. 

Although the general method of studying ion transport involves the study 
of the appearance or disappearance of a radioactive tracer on one side of a 
membrane or phase boundary, it must not be forgotten that the final equili- 
brium reached in the living organism is a dynamic equilibrium in which the 
particular ions may well be, and probably usually are, travelling across the 
membrane or phase boundary in both directions at the same time. Thus, from 
a study of the transference of sodium from the plasma to the extracellular 
fluid in guinea pigs®™ it was calculated that the amount of sodium transferred 
per minute in either direction across the capillary wall was equal in amount to 
60% of the plasma sodium or 13% of the sodium in the extracellular fluid. 

The determination of the volume of the extracellular fluid is of consider- 
able interest to workers in the fields of biochemistry, physiology and clinical 
medicine, and several methods have been devised to measure this quantity. 
What is required is a non-toxic substance which will distribute itself rapidly 
and exclusively throughout this phase, will not itself be metabolized, and 
will be excreted only slowly. Using classical analytical techniques, the 
substance which approaches this ideal most closely is thiocyanate. How- 
ever, it is well known that anions penetrate only very slowly into the cerebro- 
spinal fluid and the extracellular space in brain and nervous tissue, and 
thiocyanate is no exception. The availability of radioactive cations such as 
74Na* seemed to hold out the possibility of overcoming this objection. How- 
ever, as will be discussed below, it became apparent that the blood-brain 
barrier applied to sodium ions as well as to anions, and in addition a some- 
what uncertain correction must be applied to allow for the equilibration of the 
plasma sodium with the bone sodium. This being so, the isotopic technique 
has few advantages over the classical technique, but several studies have 
nevertheless been made of the extracellular space of the body using radio- 
sodium. 

Such determinations*®*® have shown that the entrance of sodium into the 
extracellular space of nervous tissue was much delayed. Thus, after a 
period of 2hr., values of only 14:9% and 10:-9% were found for the extra- 
cellular space of the grey and white matter of the brain, though after a period 
of 62 hr., from the administration of “NaCl, a value of 31% was obtained for 
the whole brain which approximates to the accepted value. The more rapid 
uptake of sodium by the grey matter is possibly due to its greater vascularity. 
As a result of the examination of a large number of tissues it appears that 


Refs. p. 2589 


103°1 USE OF RADIOACTIVE ISOTOPES 2579 
these can be divided into two groups.** The first group, including skin, 
kidney, liver and probably also heart, gastro-intestinal tract, abdominal muscle 
and gastrocnemius muscle, represents tissues into which the radiosodium 
penetrates completely in 20 minutes and remains constant for at least 12 hr. 
The second group comprises tissues into which the radiosodium penetrates 
slowly and may take as much as 12 hr. to attain equilibrium. The inclusion 
of muscle tissue in the first group is rather problematical. There is good 
evidence that the entry of the sodium into the gastrocnemius muscle may be 
complex. The evidence points to the entry of the radiosodium into part of 
the extracellular space within 20 min., this part corresponding to the chloride 
space, determined using chloride ions. More time is apparently required to 
penetrate the whole sodium space in muscle. In view of the low level of 
intracellular sodium in muscle it is very difficult to determine the rate at 
which this substance is replaced. It may be noted, however, that rats have 
been reared on a potassium-deficient diet, when the muscle potassium is 
replaced to a considerable extent by sodium,*’ and that in such muscle it took 
1 hr. to attain equilibrium between the cellular sodium and the administered 
“Na, 

Attempts have been made to determine the sodium space of rats by using 
*Nla as the tracer.** In these experiments two groups of rats were fed 
respectively on a normal diet and on one deficient in chloride but containing 
excess of carbonate and bicarbonate. The animals fed on the low chloride 
diet had a sodium space about 25% greater than that of the control animals. 
In another investigation using **Na, it was found that it might take as much as 
96 hr. before equilibrium was attained in bone.’? 

It seems therefore that when radiosodium is injected it passes fairly 
rapidly into an extracellular space which represents about 25% of the body 
weight in man, and then more slowly into the skeleton and also into the 
nervous system. There is also some slight penetration into the red blood 
corpuscles which will be discussed below. For the present purpose it is 
sufficient to note that the correction involved is very small, except for the 
dog and the cat which have a relatively large amount of sodium in their red 
blood cells. In the skeleton, it appears that the sodium ions replace the 
calcium in the surface layers of the bone apatite, and only about a quarter to 
a third of the bone sodium is indeed extracellular. The discovery of the 
slow rate of equilibration with the cerebrospinal fluid and the nervous system, 
attributed to the so-called blood=brain barrier, was the first indication that 
this barrier could apply to one of the physiologically important cations. 
Experiments by the classical methods had demonstrated the existence of this 
barrier for anions, and the evidence suggested that anions reached the 
cerebrospinal fluid by a process of secretion. That a similar mechanism may 
apply to some cations has been suggested by the work already mentioned® 
which involved draining off the cerebrospinal fluid from dogs, and studying 
the rate of appearance of radioactive ions from the blood plasma in the 
revewed cerebrospinal fluid. Potassium showed the highest rate of penetra~- 
tion, and the other ions followed the series K>Na>S8r>Rb>SrmP>l. When 
radioactive potassium, rubidium and phosphorus were injected into the blood 
stream, the radioactivity of the cerebrospinal fluid showed maxima at ap- 
proximately 20, 30 and 60 minutes respectively, and this was interpreted as 
indicating a secretory mechanism of transfer, Radiosodium showed no 
maximum. Studies have also been made” of the equilibration between sodium 
chloride in plasma and in cerebrospinal fluid using Na, and in the technique 
employed the disturbance to the cerebrospinal fluid was less than in the 
work just described. At intervals small samples were taken simultaneously 
from the plasma, the lateral ventricles, the cisterna magna and the lumbar 
subarachnoid space. The results indicated that the fluid in the cisterna 
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magna came into equilibrium with that in the ventricles within 1 hr. bet that it 
took about 4 hr. to attain equilibrium in the subarachnoid space. These 
findings have been confirmed*® by another group which has recently** reported 
an extended study of the subject with the inclusion of human pathological 
material. 

It has been shown by several groups of workers (e.g. *”) that by comparing 
the amount of “Na injected into the plasma with the amount remaining after a 
period of time, it is possible to calculate the total volume of fluid available 
to dilute the injected isotope. This is the total extracellular fluid of the 
organism and for most animals it has been found to vary between 23% and 
29% of the body weight. It is interesting to remark that if a similar experi- 
ment be made using radiopotassium it gives a figure, after only 5 minutes, of 
70% of the body weight, when the corresponding figure for sodium would be 
only 15%. After longer periods of time the difference is even greater, and 
the result points clearly to the intracellular penetration of potassium.°*° 

In addition to studies of the penetration of ions through the walls of the 
blood capillaries, investigations have been made of the permeability of 
several other regions of the body. Thus, the penetration of the intestinal 
wall by **Na has been studied.** Normal considerations of concentration 
gradients, diffusion and osmotic effects fail to account for the amount of 
sodium taken up by the intestinal wall. Also, as the movement of ions in 
both directions was studied and not merely the net change in concentration on 
one side of the intestinal wall, it was possible to show that sodium is con- 
stantly passing from the blood plasma into the lumen of the intestine even 
while active absorption of sodium into the plasma is taking place. The 
authors found, incidentally, that an amount of sodium equal to the total 
amount of sodium in the blood plasma is exchanged between the intestine and 
the blood in a period of 83 min. A similar study of the transfer of sodium 
and potassium across the bladder and colon has recently been made,** and 
led to similar conclusions regarding the dynamic nature of the equilibrium. 

Absorption from the stomach has been studied by other investigators** who 
found that absorption from the pyloric antrum was considerably greater than 
from the body of the stomach, in some cases as much as 100 times as great. 
The absorption of sodium and potassium was much slower than that of 
chloride. 

The permeability of the placenta has been studied using a number of 
different species.*° Radiosodium was injected into the animal, and after a 
period of time the radioactivity of the maternal blood was compared with that 
of the foetus. The rate at which the foetal sodium equilibrates with the 
maternal plasma sodium was found to be quite slow. In the rat it took 6 hr. and 
in the cat 12 to 18 hr. to reach 90% equilibrium. This is in striking contrast 
with the fact that after injection of radiosodium, 90% equilibrium between the 
plasma and the maternal extracellular fluid is reached in 4 to 5min. As 
gestation proceeds and the placenta increases in weight there is an increase 
in the rate of transfer per unit weight of placenta. Thus, in the rat in the 
last week of pregnancy, the rate of transfer of sodium across the placenta 
increases 6 times. In this period the amount of sodium transferred is some 
27 times as much as is incorporated in the growing tissues. The transfer 
rate decreased sharply just before term, and over the whole period of gesta- 
tion the placenta transfers about 25 times as much sodium as is present in 
the foetus at birth. As with other species, in the human placenta the rate of 
transfer of sodium increases during the course of gestation. At 10 weeks 
the rate of sodium transfer was 0°76 mg. per g. of placenta per hr., while at 
37 weeks the rate had increased some 6-fold.*” It has been claimed that the 
results show that the rate of transfer of sodium across the placenta depends 
on the number of layers of cells between the maternal and foetal circulations 
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and that it can also be correlated with the rate at which the unit weight of 
foetus was growing.*° It is interesting to compare the behaviour of sodium 
with that of phosphorus: during the gestation period the amount of phosphorus 
transferred across the placenta is only very slightly more than that present in 
the foetus at term.*’ The same group of workers has studied the production 
of the amniotic fluid.** The turnover time of the water in the amniotic fluid 
is about 1 hr. and it has been shown, using radiosodium, that the rate of 
transfer of sodium is much slower than this, being, in the guinea pig, about 
one fiftieth of the rate of water transfer at various stages of gestation. 

The absorption of radiosodium from the vagina has also been investigated, 
but the results show an extremely wide variation.* 

The aqueous humour of the eye is regarded as a secretion produced in a 
similar fashion to the cerebrospinal fluid, and the rate of appearance of radio- 
sodium in the aqueous humour after injection of the isotope into the blood has 
been studied. It was found*® that the activity in the aqueous humour reached 
50% of that in the plasma after 40 min., while a level of 75% of that in the 
plasma was found after 45 min.°* It was estimated that the rate of equili- 
bration between the plasma and the aqueous humour was some 2 to 4 
times the rate of equilibration between the plasma and the cerebrospinal 
fluid in the cisterna magna. A proof that the sodium enters the aqueous 
humour by secretion is afforded by the results of experiments in which radio- 
sodium was administered intraperitoneally to rabbits which had one common 
carotid artery blocked.°? In samples of the aqueous humour taken from both 
eyes 40 to 60 min. afterwards, no difference was tound in the amount of 
radiosodium. This would not have been expected had the sodium reached the 
aqueous humour by a process of diffusion or ultrafiltration, since the oc- 
clusion of the common carotid artery is accompanied by a marked decrease 
in blood pressure in the arteries supplying the eye on the same side, and the 
drop in pressure would be followed by a drop in the rate of diffusion or 
filtration of sodium into the aqueous humour. Since this was not observed, 
it is concluded that the sodium enters the aqueous humour by a process of 
secretion. 

As has already been mentioned, potassium is to be regarded mainly as an 
intracellular element, and many experiments have been carried out to study 
the partition of potassium between the blood plasma and the tissue cells. 
Muscle cells contain considerable amounts of potassium, and the penetration 
of this element into the cells of muscle tissue has been the subject of many 
investigations. In some of these studies, radiopotassium was administered 
to the experimental animal, and measurements were carried out of the radio- 
activity of 1 g. of plasma and of 1 g. of muscle. A comparison of the two 
figures, taking into consideration the extracellular volume of the muscle and 
also the potassium concentration in muscle and in plasma, enables a calcula- 
tion to be made of the partition of potassium between the plasma and the 
muscle cells. The results of such an experiment show quite clearly that the 
42K ions penetrate the muscle cells rapidly, but the data obtained are not 
sufficient to allow the calculation of exchange rates, for which a knowledge 
of the specific activities of the plasma potassium and the intracellular 
potassium of the muscle is also required. 

An exhaustive series of investigations of the exchange rate of plasma 
potassium and the potassium of several organs has been carried out**** using 
rats, rabbits, guinea pigs and frogs. The results demonstrate that all the 
potassium in the body is exchangeable, and hence that the cell membranes of 
all the tissues: of the body are permeable to potassium ions. However, 
marked differences were found when the various organs were compared. In 
the liver, kidney, heart, diaphragm, lung and skin, the specific activity of the 
tissue potassium reached a value greater than that of the plasma potassium, 


Refs. p. 2589 


2952 RA DIOCHEMISTRY 103-1 


although in the skin this state was not reached for some 20 hr. after injection 
of the **KCl. These results must indicate an active removal of the potassium 
from the plasma by the tissue, and not a simple exchange process. The 
amount of **K which had to be administered to the animals in order to produce 
an adequately high level of radioactivity for accurate determination was an 
appreciable porportion of the normal amount of potassium circulating in the 
plasma. The amounts used ranged from 03 to 2 milliequivalents per kg. 
body weight, so it must be assumed that the administration of the radioactive 
potassium chloride so raised the plasma potassium in the initial stages of the 
experiments that the body reacted by active removal of the excess potassium 
by various organs. Such data cannot therefore be regarded as giving a good 
indication of the rate of exchange in different tissues, though it should be 
noted that only the tissues mentioned showed a specific activity higher than 
that of the plasma potassium. Other tissues, such as muscle, brain, bone 
and testis showed a much lower rate of exchange. Different animals also 
showed different rates of. exchange for the same tissue. 

It should perhaps be noted here that much of the work carried out on 
potassium exchange at this time made use of **K obtained by cyclotron 
bombardment. There is therefore a possibility that the radiopotassium may 
have been contaminated with “Na, and since sodium is generally to be 
regarded as an extracellular element, this impurity would tend to indicate a 
lower rate of exchange than had actually occurred. In the work just men- 
tioned, the authors consider that this is the explanation of some lower 
exchange rates previously reported (e.g. ™*). Although they themselves used 
cyclotron-produced **K, they took the precaution of precipitating the potas- 
sium as the perchlorate after the bombardment to get rid of any traces of 
radiosodium. | 

A study was also made of the rate of total interchange of potassium in 
the body, that is the extent to which interchange of all the potassium in the 
body takes place in the course of one day. ‘ith animals this was carried out 
by dissolving the whole body of the animal and comparing the specific 
activity of the whole body potassium with that of the plasma. The results 
indicated complete interchange within 1 day in the cat, rat and guinea pig, 
but in the rabbit only about half of the body potassium appeared to be ex- 
changed in this period. The other half of the body potassium appeared not to 
exchange at all or to exchange at a very slow rate indeed. A similar result 
was obtained with human subjects. These drank the radioactive potassium 
chloride as a solution, and the specific activity of the urinary potassium was 
then determined, since this was found to be approximately the same as that of . 
the plasma potassium. Assuming that the overall concentration of potassium 
in the human body was of the same order as that determined in the animals 
analysed, it was calculated that about half of the total body potassium 
exchanged in one day. 

It is difficuit to accept these figures for the rabbit in view of the finding 
by the same workers** that complete exchange takes place between the plasma 
potassium and the muscle potassium in the rabbit, and the fact that about two 
thirds of the total body potassium occurs in the muscles. In addition it is 
noteworthy that it has been calculated from the potassium content and radio- 
activity of the urine in the human experiments that a very large proportion of 
the body potassium exchanges in the course of a single day.” 

The effect of severe exercise on the exchange of potassium in rat muscle 
has been studied,* and also the effect of stimulation of the muscle on the 
exchange rate.*” Both groups found a marked increase in the uptake of 
potassium in the experimental animals as compared with the controls. Thus, 
the first group found an average of 4+2 times as much *’K penetrating the 
muscles of the rats forced to do severe exercise as entered the muscles of 
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the resting animals. The second group, who investigated separately: in- 
dividual muscles in the rats, found an increase of 3-6 times in potassium 
uptake in the stimulated muscles. During exercise there is an increase in 
the blood flow to the active muscle, and the authors attempted to explain their 
results on the basis of this increased circulation rather than as a result of 
increased permeability. It seems more likely, however, that an increase in 
the rate of interchange between the intracellular and extracellular potassium 
is the true explanation. 

Denervation was also shown to effect an increased penetration of potas- 
sium into muscles, and an apparent doubling of *?K uptake by rat muscles was 
obtained under eee conditions. Similar results have also been obtained in 
experiments*® which showed that denervation of the gastrocnemius muscle of 
rats produced an increased penetration of radiopotassium 2 to 9 min. after 
injection of the isotope. Such denervated muscle took up to 28 times as 
much *?K as did the controls. 

An estimation of the actual amount of potassium crossing the cell wall 
has been made with the aid of radiopotassium® using chick embryo muscle 
cultures. The rate of penetration of potassium into the cell was found to be 
14-0 x 10°’ millimole per sq. cm. per hr. The figure obtained for phosphorus 
penetration was much lower, 1:57 x 10°’ millimole per sq. cm. per hr. 

Potassium ions have for some time been regarded as being concerned in 
the normal functioning of nervous tissue and, in particular, some evidence has 
been presented that they may be concerned in the transmission of nerve 
impulses. Radioactive potassium has been utilized in the study of this 
subject.°°°? It appears that when a nerve impulse passes along a nerve Kt 
ions are released, and Nat ions which are normally outside the axon, or nerve 
fibre proper, enter the fibre to replace the potassium. ‘hen the nerve is 
stimulated the rates of passage of potassium outwards and of sodium inwards 
are both increased, so that the net result is a tendency for the replacement of 
potassium by sodium in the nerve fibre. It has also been demonstrated that 
eserine and di-isopropyl fluorophosphonate, both of which are inhibitors of 
choline esterase (the enzyme that hydrolyzes acetylcholine which is also 
implicated in nervous transmission), increase the permeability of the nerve to 
sodium, but in these cases the permeability to potassium is diminished. 

The investigations dealing with cell permeability already discussed 
illustrate problems which it would have been almost impossible to attack 
without the aid of radioactive isotopes as tracers. The classical methods of 
analysis would be incapable of detecting the small amounts of material trans- 
ferred across cell membranes and, in addition, the organization of cells into 
the so-called fixed tissues of the body introduces further difficuities. The 
only instance where the study of cell permeability using the classical ap- 
proach yielded useful results was that of the red blood cell, which is, of 
course, not a fixed cell, but floating free in the plasma. Even so, the 
amounts of substances used in such studies were frequently unphysiological, 
and the isotopic method has therefore been applied also to the study of ion 
penetration into the red blood cell. Among the animals used, the cat and dog 
are exceptional in having red blood corpuscles with a high sodium content, 
the potassium content being correspondingly diminished. 

The permeability of the red cell to potassium has. been eRe Se by 
different groups of workers.°*°* The earlier results®* are not regarded as 
giving a true picture of the partition of potassium between the plasma and the 
erythrocyte because of the possible presence of *“*Na in the potassium used. 
In later experiments, °* in which the potassium was purified from possible 
sodium contamination before use, variable results were obtained for the 
exchange of plasma potassium and the erythrocyte potassium according to the 
species studied. In the cat, where the red blood cells contain some 17/4 
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times as much sodium. as potassium, complete interchange of the plasma 
potassium and cellular potassium occurred in the course of 15 hr. Inthe 
rabbit about 50% exchange was observed in the course of 1 day, while in the 
frog about 20% exchange occurred in about 10 hr., but thereafter no further 
interchange was observed. Such a result is extremely difficult to understand 
and no satisfactory explanation can be offered. In man, the degree of pene- 
tration amounted to about 40% in 10 hr. More recently, the exchange rate of 
red cell potassium has been reinvestigated®** using human erythrocytes in 
vitro. The **K was not cyclotron-produced, but was obtained from the nuclear 
reactor, and can be considered as being absolutely free from contamination 
with “Na. In this way it was found that the exchange rate of potassium was 
from 1:6 to 1-8% per hr. with a temperature coefficient (Q;,) of 24255 tes 
noteworthy that this temperature coefficient is identical with that obtained for 
glucose utilization by the same cells. It was also found that all the potas- 
sium in the cell is exchangeable with that in the plasma, and that the rate of 
exchange is independent of the state of oxidation of the haemoglobin in the 
cell. 

It must be remembered that the results of such experiments as have 
already been described :give:.a:- measure of the rate of exchange of potassium 
between the red blood cell and the plasma. They do not give any information 
about the amount of potassium which will enter .the red blood cell as a result 
of, for example, a raised level of potassium in the plasma. In such an 
investigation®’ only small changes in the exchange rate of red cell potassium 
were obtained with varying concentrations of potassium in the plasma. The 
net amount of potassium that entered the cell was negligible, even though the 
plasma-potassium concentration was raised to values which were 4 to 15 
times the normal. While exchange of potassium does take place, the entry 
into the cell of any excess potassium must be compensated by the loss from 
the cell of some.other cation, such as. sodium, which is normally present in 
the cell in small amounts. The evidence suggests that such exchange takes 
place only to a limited extent. 

In the dog, whose red blood corpuscles contain only about one-tenth of the 
amount of potassium in human erythrocytes, it is found that excess potassium 
in the plasma penetrates into the red cells easily. The potassium content of 
the corpuscles is doubled in about 2 hr. by an increase in the plasma potas- 
sium of 8 times. 

Some experiments®’ have indicated that the rate of penetration of plasma 
potassium into the red blood cell is increased by bee venom. The same 
author has also investigated” the penetration of “*K from labelled red cells 
into unlabelled plasma, and has found that in a period of 2 hr. about 5% of the 
radiopotassium in the cells moves out into the plasma. 

With regard to sodium penetration into red blood corpuscles, mention 
should be made of work on, the penetration of “Na into the red cells of the dog 
. both in vivo and. in vitro.” . It was found that half the cell sodium exchanged 
with the plasma sodium in a period of about 17 hr. In the cat, which like the 
dog has a high corpuscular sodium content, the rate of exchange may be 
slightly more rapid, 10 to 15% of the cell sodium being replaced in 1 hr. "64,72 
Early experiménts using rabbits, where the socium content of the red cell is 
small, indicated that all the erythrocyte sodium was replaced by the plasma 
sodium within 24 hr.°° 

The fact that the concentration of potassium inside the red blood corpus- 
cles of most species is higher than that in the plasma and the observation 
that an increase in the plasma potassium concentration fails to bring about a 
significant increase in the intracellular concentration of this element, are 
consistent with the classical view that the membrane of the erythrocyte is 
impermeable to potassium. However, from radioisotope studies it is clear 
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that this is by no means true, and it is necessary therefore to consider how a 
membrane which is permeable to both sodium and potassium ions, can, in 
effect, partially segregate these ions, so that in most cases the bulk of the 
potassium is maintained inside the cell, while the bulk of the sodium is 
extracellular. This problem is, of course, not confined solely to erythrocytes, 
since in the fixed tissues as well, potassium and sodium are respectively 
intracellular and extracellular elements. This distribution of sodium and 
potassium cannot be explained in terms of the Gibbs-Donnan law, although 
this supplies a satisfactory explanation of the distribution of anions on either 
side of the cell membrane. 

The high potassium concentration inside the red blood corpuscle and the 
osmotic pressure of the plasma make it difficult to envisage the cellular 
potassium as existing in the form of free potassium ions. If, however, the 
potassium is imagined as existing inside the cell in the form of a chemical 
compound and if it is assumed that this is a chemical combination into which 
sodium cannot enter, it becomes possible to explain the partition of sodium 
and potassium by the cell membrane on the basis of their relative chemical 
affinities for substances within the cell. 

As a result of studies of the permeability of cell membranes it has been 
suggested”® that the difference in chemical affinity operates in the membrane 
itself. The membrane is visualized as resembling a model, already postu- 
lated for plant cells, in which the boundary layer of the celi contains micelles 
which have definite affinities at each end, in a similar fashion to the mole- 
cules in a Langmuir film. If it is postulated that in the erythrocyte, for 
example, these micelles can bind specifically sodium and potassium ions at 
different ends, then,. if. the micelles are all similarly oriented, an effective 
partition of the two elements will be achieved. However, just as in the 
Langmuir film, a single micelle will occasionally turn, and ions normally 
present on the inside of the cell membrane will be presented on the outside, 
and may be split off. At the same time the ion normally extracellular will be 
accepted inside the cell. 

Though this theory is ingenious, it seems much more probable that the 
intracellular binding of potassium is concerned with its function as a specific 
activator for certain enzymes concerned in the metabolic processes going on 
inside the cell, notably those concerned with the metabolism of carbohydrate. 
It is known, for example, that potassium exerts such an effect on the enzymes 
fructokinase and ATP-pyruvic transphosphorylase. There is a considerable 
amount of experimental evidence in favour of the participation of potassium in 
the reactions used to metabolize carbohydrate. Thus, it has been shown” 
that the utilization of glucose by the rat diaphragm muscle is accompanied by 
the simultaneous movement of potassium from the medium into the muscle. 
The maintenance of a high potassium and a low sodium level in the cells of 
nervous tissue such as brain cortex has been shown to depend on the main- 
tenance of active carbohydrate metabolism in these cells. Similarly, loss of 
potassium from red blood cells occurs when the processes of carbohydrate 
metabolism are inhibited. Storage of human blood at temperatures of 2-5°C. 
for some time causes a leakage of the intracellular potassium, but when the 
temperature of the blood is raised the original distribution of potassium is 
largely restored. Corpuscles which continue to carry on the metabolism of 
glucose maintain their potassium content longer than those in which the 
supply of glucose is depleted. Thus, blood stored at 2-5°C. with glucose 
loses less potassium than blood stored under the same conditions without 
glucose.”»”*»© It has been shown that brain cortex slices will, in the pre- 
sence of glucose, absorb potassium ions and also glutamic acid. Similarly, 
in studies of the retina, the uptake of potassium requires the presence of 
glutamic acid in the nutrient solution. Since the amounts of potassium and 
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glutamic acid taken up are approximately equivalent, it has been suggested 
that the cationic potassium ions ‘partner’ the anionic glutamate ions in the 
process of absorption. It appears that this ability of glutamic acid to aid in 
the transport of potassium ions across the cell membrane is highly specific. 
Other amino acids will not replace glutamic acid, and even glutamine is 
ineffective,”””* 

While the detailed steps of the process of absorption are not known, it 
seems Clear from the evidence that the segregation of potassium and sodium 
on either side of the cell membrane is connected in some way with the 
functioning of these elements in metabolic processes, since potassium aids 
reactions carried out inside the cell — reactions which have been shown in 
some cases to be inhibited to some extent by sodium. It is worth noting, 
however, that the active transport of the two substances appears to involve 
different mechanisms since in some cases lithium will interfere with the 
absorption of sodium but not of potassium, while rubidium will compete with 
potassium but not with sodium. 

Some of the investigations carried out on the transfer of ions across cell 
membranes have been the subject of reviews.°** 

It is well known that the suprarenal glands have a powerful influence on 
the electrolyte balance of the body, the effect being particularly concerned 
with the distribution of sodium and potassium. It is not clear exactly how 
the adrenal hormones responsible act, but it may be that their action isa 
specific one on kidney cells, and that by altering the amount of sodium and 
potassium excreted changes in the distribution in the body as a whole are 
evoked as a compensatory mechanism. 


STUDIES OF CIRCULATION AND BLOOD FLOW 


The classical methods of studying the rate at which the blood flows 
through the body depend on the introduction into the blood stream of some 
substance which will produce a recognizable response at some site distant 
from the point of injection. Among the substances that have been used in 
this way are dyestuffs, saccharin, which produces a sensation of taste, and 
cyanide which causes a reflex gasp when it reaches the respiratory centre. 
Such a method is very limited in its applicability, since there are relatively 
few substances which do exert a specific and easily recognizable effect at 
some definite place in the body. In addition, the use of such a method is 
greatly dependent on the personal response of the subject, and it would not be 
surprising if quite different results were obtained on carrying out an identical 
procedure with two different subjects. Errors are also liable to arise owing 
to the complexity of the system of blood vessels between the site of injection 
and the place where the response is elicited. The classical methods have 
recently been adequately reviewed.*” 

The use of radioisotopes offers a solution free from many of the objec- 
tions cited above. Of the radioisotopes available radiosodium, Na, is that 
normally used in this connexion, and it has the following advantages. As 
sodium is a normal constituent of blood plasma, the small amount necessary 
as a tracer can be introduced into the blood without causing any unphysio- 
logical response. Its half-life of 15 hr. is long enough for satisfactory 
experimental observations and yet short enough to minimize the radiation 
effects which might otherwise be hazardous. Sodium is not selectively 
absorbed by any tissue, so injected radiosodium will travel in the blood 
without loss from one site to another. Finally “Na emits a penetrating y- 
radiation which makes it easy to detect through skin and tissue so that 
external recording is possible. 

Many of the studies of blood flow have dealt with its derangement in 
certain pathological conditions, and some of these will be dealt with below. 
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In the physiological field, the first studies of blood flow using radiosodium 
concerned the rate of flow of blood from one arm to the other in young chil- 
dren.** The radioactive sodium chloride was injected into one arm, and its 
appearance in the other arm was detected by means of a Geiger counter placed 
over the hand. Similar studies have been made** by means of a device in 
which the impulses from the counter, after suitable amplification, were fed to 
a mechanism operating a pen writing on a kymograph drum. Each impulse 
caused the pen mechanism to move down one tooth, so that a steady counting 
rate produced a stepped line of a certain average slope. When the injected 
isotope arrived at the site over which the counter was placed, the counting 
rate increased and this was recorded as a change in the slope of the traced 
line, thus permitting an accurate determination to be made of the time of 
arrival. 

Using this technique with normal human subjects, the average time 
taken for the blood to flow from the foot to the groin was found to be 18+5 
sec., with the subject lying flat on his back and the heel at the same level as 
the heart. Considerable variation was found from one individual to another 
and also from one observation to another on the same individual, the range 
being as much as 7 sec. between two observations carried out on the same 
subject. The mean rate of flow worked out at 4°45 + 0:46 cm./sec., and the 
authors determined the effect of posture on this figure. With the subject 
seated the rate of flow dropped to 3-03 + 0+34 cm./sec., while standing erect 
reduced it still further to 2-62 + 0+30 cm./sec. As might be expected, lying 
down 10° from the horizontal with the head lower than the feet gave a higher 
flow rate, 9+11 + 0+51 cm./sec., but a still higher value, 9+39 + 0-44 cm./sec., 
was found when the subject was lying on his back in a level position as in 
the standard case, but was made to flex his feet vigorously for 2 min. prior to 
the injection of “NaCl. Observations on the flow rate in the arm indicated 
that it was higher than in the leg, values of the order of 10 cm./sec. being 
obtained with subjects in the supine position. 

Other investigations®® have extended these observations to a series of 
pregnant women, and it has been shown that the venous flow rate in the leg 
diminishes as pregnancy proceeds, returning rapidly to normal after delivery. 

A rather specialized application of radiosodium to the study of circulation 
has been described®® under the name of radiocardiography. Briefly it in- 
volves injecting radioactive sodium chloride into the venous system in such a 
way that it reaches the right hand chambers of the heart rapidly; from there it 
goes by the pulmonary circulation to the left side of the heart, and the time 
interval between the two occasions when the radioisotope reaches the heart is 
determined using a specially constructed ink-writing Geiger counter placed 
over the cardiac region. Obstruction to the filling of the right side of the 
heart is observed as a retardation of the first peak, while any slowing of the 
pulmonary circulation shows up as a delay in the appearance of the secondary 
peak. If this second peak fails to diminish at the normal rate, obstruction to 
the emptying of the left side of the heart is indicated. 

The peripheral circulation has been studied in a series of investigations.*’ 
The method involves a study of the ‘build-up curve’ of radiosodium in the 
tissue under study, it being assumed that the rate at which the radiosodium — 
previously injected elsewhere — builds up in the tissue is directly propor- 
tional to the volume of blood flowing through the tissue in unit time. Any 
derangement of the peripheral vascular system shows up, according to these 
authors, as a variation from the normal ‘build-up curve’ and they have claimed 
that®® the site of amputation of a limb in, for example, gangrene can be 
determined by locating the point in the limb where the ‘build-up curve’ 
ceases to be normal. They have also used their method to study the effect of 
a number of drugs used to treat peripheral vascular diseases.*” Attempts by 
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other workers to repeat these observations have not always been successful. 
Thus, failure to obtain any change in the ‘build-up curve’ under the influence 
of drugs, by varying the posture, or during exercise, has been reported.” 
All these conditions are known to vary the flow-rate. The distinction 
claimed between normal and pathological states has also been denied.”* 

The problem of blood flow in the peripheral circulation has also been 
studied from the other end, viz. by studying the rate at which the injected 
radiosodium disappears from the site of injection.’*”’* This method has 
recently been reviewed.”* In using this method, it was found that a single 
exponential function described the disappearance rate. Increased disap- 
pearance rates were found in cases of hyperthyroidism and decreased rates in 
certain peripheral vascular diseases. The difficulty in using this method is 
that of controlling the factors which can affect the clearance constant. This 
can be affected by psychological factors such as excitement, and a period of 
rest for the subject of 10 min. before commencing the experiment has been 
suggested:** other authors®®”’ have recommended periods of rest of up to 1 hr. 
The question of local trauma, the possibility of a variable degree of leakage 
back along the needle track and the difficulty of giving the injection always 
at the same depth and in the same position are variables it is difficult to 
control. It has also been reported”® that the clearance constant is greater 
when the injection is given in a volume of less than 0-02 ml. than when the 
same amount of radiosodium is contained in a volume of 0°5 to 1:0 ml. The 
effect of hyaluronidase on the clearance of radiosodium from the subcutaneous 
tissues in man has been studied” and it has been found that it increases the 
clearance rate. This result is interesting because this enzyme hydrolyzes 
hyaiuronic acid which is sometimes regarded as the substance which cements 
cells together into tissues. The hydrolysis of hyaluronic acid might there- 
fore be expected to have an effect on the permeability of the capillaries. 

An investigation of the role of the lymphatic vessels in the clearance of 
injected radiosodium from the gastrocnemius muscle of dogs showed that only 
about 1% of the sodium was cleared by this route, thus supporting the general 
belief that substances of low molecular weight are cleared from the tissues by 
the blood stream.*°° A recent study of the clearance method*™ has involved a 
study of the clearance of radiosodium from the gastrocnemius muscle of 
human subjects and of the isolated perfused hind limbs of rabbits and cats. 
The clearance of radiosodium is claimed to be related directly to the blood 
flow, and not to the capillary surface area. In addition the rate of blood flow 
appeared to have an effect on the clearance in that there was a lower limit of 
flow rate below which clearance ceased altogether. On the other hand, with 
flow rates above the physiological limit, the clearance reached a maximum 
which could be determined. 

- The clearance method of studying blood flow in tissues has found con- 
siderable application in the field of plastic surgery, where it has been 
applied to a determination of the normality of blood flow in various types of 
skin grafts. The subject has been recently reviewed.*°? It is interesting 
from the general point of view to note that the authors of this review regard 
one of the uses of the radioisotope technique to be its correlation with 
various simple clinical tests ‘with a view to assessing objectively the value 
of such tests for routine use under conditions where it is not convenient or 
practicable to carry out sodium clearance tests.’ 

Some workers*®**% have reported differences in the circulation time of 
blood corpuscles and plasma. It was thought that in the small vessels the 
corpuscles travelled faster than the plasma, with the net result that the 
peripheral blood would have a diminished number of corpuscles. This 
sukject has been investigated**® by injecting into the femoral artery of a cat 
blood containing **P-labelled erythrocytes and having **K,CO, added to the 
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plasma. Differential counting using a lead filter yielded no evidence for a 
differential flow. 

One clinical problem that has been attacked by the isotope technique 
using radiosodium is the question of the effect of surgical shock onthe 
capillary permeability. The general trend of the results of such studies 
indicates that in the tissues subjected to the trauma producing the shock 
there is an increased permeability of the capillaries and the cell membranes: 
the capillaries become permeable to protein, and the cell membranes of the 
fixed tissues become permeable to cations and anions. The rate of removal 
of radiosodium from the plasma of normal and shocked dogs showed in both 
groups of animals the same double exponential function.*°° However, in the 
shocked dogs the rate constant for both phases was reduced to about two 
thirds of the normal value. Injection of serum or of saline to treat the shock 
did not restore the rate constants to normal. The authors found that the 
principal reasons for the reduction of the rate of transfer were the reduction of 
the plasma volume by about 50% and also the decreased blood flow rate. In 
another investigation*’’ it was calculated that the sodium content of the 
traumatized tissue was greater than could be accounted for by the accumula- 
tion of fluid due to the associated oedema, and it was suggested that the cells 
of the tissue involved become permeable to sodium and retain this sodium so 
that it is not available for normal exchange and maintenance of plasma 
volume. Up to 50% of the normal extracellular phase sodium was estimated 
to be removed in this way. 


RADIATION EFFECTS 


Radioactive sodium (Na) emits radiation of high activity, and this 
isotope has been used as a radiation source in the treatment of malignant 
growths. Its use for treatment of carcinoma of the bladder has been des- 
cribed.*°* The solution of “NaCl was passed into a balloon previously 
inserted in the bladder, and in this way intracavitary irradiation was carried 
out. 

The radiation from radioactive isotopes constitutes a hazard from the 
genetic point of view, and some mutation studies on plants with radioisotopes 
carried out in Sweden have been reviewed.*” In this work studies were made 
using **Na, the long-lived isotope of sodium: barley seeds were soaked in a 
solution containing the isotope, and the genetic properties of the seeds 
studied. 
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— — — — vapour pressure, 1787 constant, 1967 
-—— — solutions, activities, 1803, —  — — — dissociation pressure, 
1805, 1807, 1808 1973 
— — — chemical potential, 1799 — — — — infra-red absorption, 
—— — — compressibility, 1794, 1955 
1812 — — — — spectrum, 2023 
— — — density, 1793, 1796 — — solutions, density, 196] 
—~- — — dielectric constant, 1804 — — — dissociation in, 1979 
—-—- — — diffusion, 1795 —.— — specific heat capacity, 
—~ — — electrical conductivity, 1962, 1963, 1964, 1965 
1801, 1802, 1803, 1805, 1806, — — — viscosity, 1978, 1979 
1813, 1814, 1816, 1817, 1818, — phosphide, 1579 
1819, 1820, 1821 — polyphosphates, 1975 
—— — — partial volumes, 1799 — pyrophosphates, 1974 
— — — refractivity, 1795 — selenide, 1578, 1614 
-—— — — surface tension, 1796, — sulphate, 1850 
1811 —— — analysis, 1875 
— — — vapour pressure, 1797 —— — chemical properties, 1873 
—  — — viscosity, 1808, 1809, —— — physical properties, 1852 
1810 ———-— density, 1854 
— — systems containing, 1827, — —— — solubility, 1858 
1828 — — — — spectrum, 2022 
— — ultrasonic decomposition, —.— — — thermal data, 1855, 1856, 
1834 1857 
—  — uses, 1836 — — solutions, activity coefficient, 
—- ion, activity coefficients, 1870 
1540 — — — density, 1864 
—  — gaseous, 1542 — — — diffusion coefficients, 1865 
— — properties, 1539 — — — electrical conductivity, 1869 
— — self-diffusion coefficients, —  — — freezing point, 1867, 1868 


1541 —  — — specific heat, 1868 
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Potassium sulphate, solutions, vapour 
pressure, 1867 

——- — — viscosity, 1865, 1866 

—— — systems containing, 1859 

—  — uses, 1874 

— sulphides, 1563, 1578, 1614, 1845 

—— — physical properties, 1846 

——— uses, 1848 

— superoxide, 1628 

— telluride, 1579, 1614 

—— trioxide, 1627 


R 


Radioactive tracers, 2482 

Rubidium-87, half-life, 2492 

Rubidium, 2136 

— alloys, 2180 

— amalgam, 2182, 2183 

— analytical determination, 2275 

— biological properties, 2279 

—— chemical reactions, 2172 

— handling, 2141 

—— isotopes, 2169, 2170, 2454 

— physical properties, 2144 

— — — atomic weight, 2169 

—  — — compressibility, 2146 

— -— — density, 2145 

— — — dissociation constant, 2149 

— — — electrical resistance, 2152, 
2154 

— — — electrode potentials, 2156 

— — — ionization potentials, 2157 

—— — — magnetic properties, 2155 

—  — — mechanical properties, 2145 

—  — — melting point, 2147 

—  — — nuclear moments of isotopes, 
2268 

— — — optical properties, 2157, 
2158 

— — — photoelectric properties, 2158 

— — — specific heat, 2150 

— —-— surface properties, 2146 

—— — — thermal expansion, 2145 

—— — -— thermodynamic functions, 2150, 
2151 

— — — thermoelectric properties, 2154 

—  — — vapour pressure, 2148 

— — — viscosity, 2147 

— preparation, 2138 

— — electrolytic, 2140 

—— radioactivity, 2160 

— reactions in ammonia, 2177 


Rubidium, reaction with carbon, 2175 

-—— reactions with organic compounds, 
2178, 2179 

— solutions, 2169 

— spectrum, 2259, 2264, 2268, 2271 

— uses, 2142 

—— bromide, 2210 

— — solubility, 2218 

— — solutions, 2219 

—  — spectrum, 2272, 2274 

— — systems containing 2215, 2216 

— carbonate, 2245 

—— — chemical properties, 2246 

—— — physical properties, 2245 

—— uses, 2247 

— chloride, 2196 

— — reactions, 2204 

— — solutions, 2200 

—— — spectrum, 2272, 2274 

—— — systems containing, 2202, 2203 

——- — thermodynamic functions, 2200 

—— fluoride, 2192 

— — spectrum, 2272, 2274 

— hydride, 2186 

—— — dissociation pressure, 2173 

— — spectrum, 2272, 2273 

—— hydroxide, 2189 

—— — physical properties, 2190 

—— iodide, 2224 

—— — physical properties, 2224 

— — — — solubility, 2229 

— — — — system with water, 2232, | 
2234 

— — solutions, conductivity, 2230, 
2231 

— — — osmotic and activity coef- 
ficients, 2229 

— — spectrum, 2272, 2274 

ion, activity coefficients, 2165 

— mobility, 2166 

— self-diffusion coefficients, 2166 

nitrate 2240 

— melting point of mixtures, 2252 

— solubility, 2249 

— solutions, equilibrium constants, 

2254 


-—— — — osmotic and activity coefficients, 


2253 
—  — — vapour pressure, 2254 


—— — — viscosity and density, 2253, 2254 


—  — spectrum, 2274 
——— uses, 2255 

— oxide, 2188 

—  — spectrum, 2273 
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Rubidium phosphate, 2257 Ss 
—— — chemical properties, 2258 
— polyiodides, 2233 


— sulphate, 2239 Scintillation counters, 2022 

—— — physical properties, ermine Sodium, isotopes, 2446 
2239 Sylvinite, 1888 

— — solutions, osmotic and acti- Syngenite, 1850 


vity coefficients, 2240 
— sulphide, 2237 
— tribromide, 2221 


Pee Cees ee le Wk es), 7% ' 
1 ie Mt hw fe uv ‘cm 


fy oe : 
ie Us y if ‘Ay | 
ent a 
' ny 1 % 
ye eae “ 
Hy i 
j 7. 4 ; iy i 
: Vy ; ) | 
(ae ee Ci emia 0) ag ea ae 
; ; : . tan oy A wii vie ; ne te , 
a ” 7 ™ (ye § “Ay jh cy hy i 
; 2 ' ny : ¥ Pe ¥ a * ‘ it my Ru 7 
} ; Mi. Pala hex ; a ky 
an a Velie a Ot ei, | ane 
aN aah eA Re We Ae foie UE ae 
ec a, J): Saget an | 
Phi ‘= 7 \ ra iin i” a) ee | ie), 
sn fare ' 8 é f , i 
ihe” mt ue a er a iby H 
i £, 
> 
, & 
© : 
' 
' 
5 
a 
Ad 
f 
ie : 
\ 
‘ 
"1 
+ A 
J ‘f 
; 
a! ‘ 
re 1 roe a 
iy ou 
® Liou i § 7 
er, " 1 fy 4 
‘ta a : ¢ 
- ; 7 
‘ Ly & : . 410 
i ai my P © 4 { ri Hy 5 ; 
an ¥ " k {i ; 
MLO Mmm Ne 
n\s A AY 7. eer ek oe ee an ww, 7 * _ 
Bi dl NPR RS ny EPs b) 
¥ - 7 @ LA. f 7 “y 
a fs aN ac} Se 
ees oes a - ' Sei ry a8 - j Nae, vi 
loot Mia) apa oar Ce) Mit : 
A uN a Wee A) eos ra, ae a 
; ae , Oe Se 


Ti: f 
cu A. 


By hy 
a uJ 


hi a f 


a 
a 
7 ' 


i ‘ ) ay? , 
r ‘ af 
eT er j ’ 
nF 2 fa y R 
pts aa ee 
*\ beleea 


wy HY) , vn) 


: ae 
n Me ‘ i 
o 7] a , -f * ‘ Ne a 


: o i. "4 


I 


BRIGHAM YOUNG UNIVERSITY 


TT 


119 


SSSQ ~ 
S 


Ss 


SNe 


Se 


